
 

 

University of St Andrews 
 
 

 
 
 
 

  

 

 
Full metadata for this thesis is available in                                      

St Andrews Research Repository 
at: 

http://research-repository.st-andrews.ac.uk/ 
 

 
 
 
 

 
This thesis is protected by original copyright 

 
 

http://research-repository.st-andrews.ac.uk/


Perovskite and Related Phases for
Solid Oxide Fuel Cells

A thesis presented for examination for the title of Ph.D

by

John Bradley

University of St. Andrews

September 2002



 



I, John Bradley, hereby certify that this thesis, which is approximately 30,000 words in

length, has been written by me, that it is the record of work carried out by me and that it
has not been submitted in any previous application for a higher degree.

Date 2.S Signature of Candidate

I was admitted as a research student in September 1998 and as a candidate for the degree
of Doctor of Philosophy in September 1999, the higher study for which this is a record
was carried out in the University of St. Andrews between 1998 and 2001.

I hereby certify that the candidate has fulfilled the conditions of the Resolution and

Regulations appropriate for the degree of Doctor of Philosophy in the University of St.
Andrews and that the candidate is qualified to submit this thesis in application for that

degree.

In submitting this thesis to the University of St. Andrews I understand that I am giving

permission for it to be made available for use in accordance with the regulations of the

University Library for the time being in force, subject to any copyright vested in the work
not being affected thereby. I also understand that the title and abstract will be published,
and that a copy of the work may be made and supplied by any bona fide library or

research worker.

Date Signature of Candidate

Date Signature of Supervisor

Date Signature of Candidate



Acknowledgements

The man must have the patience of a Saint; I should know for 1 have tested it often

enough. It is with great sympathy that I give my heartfelt thanks to my supervisor,
Professor John Irvine, who has put up with me and encouraged me for four years

I would also like to thank the members of the JTSI research group, those departed and
some of those who will just not go away! I would especially like to thank Martin Smith
for invaluable insights, mostly in regard to chemistry but often into the strange working
of the mind; makes me laugh. Jesus Canales for the parties, the Tequila and the HRTEM

images, and Jools & Jez, as guilty a pair as you are ever likely to see.

Thanks go also to Peter Holtappels at Risoe for his assistance with AC impedance and all
the staff at Risoe for keeping me entertained in Denmark, the EPSRC for funding and the
technicians here in St. Andrews for repairing, fixing and making everything I used and
more besides.

Most of all I would like to thank Anna for keeping me sane and leading by example (It's

your turn soon).

If I have missed anyone you will have to forgive me, but I should be re-loaded quite
soon...

Oh, by the way, I am still undecided as to whether setting me on this path was a good
idea or not, but thank you Danny anyway.



Abstract

The aim of this work was to synthesise and investigate perovskite and related phases for

application in Solid Oxide Fuel Cell technology. The work consists of two parts:

1. Characterisation of the superior oxide ion conducting perovskite Lanthanum Gallate

electrolytes by AC impedance spectroscopy, as a potential replacement of the current

state of the art fluorite electrolyte, Yttria Stabilised Zirconia;

2. Synthesis of tetragonal tungsten bronze phases, characterisation of their conductivity

by AC impedance spectroscopy and four-terminal DC oxygen partial pressure

measurements, and the evaluation of the electrochemical performance of the most

promising candidates as potential anode materials in a SOFC stack.

AC impedance data collected for the Lanthanum Gallate electrolytes, as a function of

temperature in air, yielded the activation energies for the oxide ion conduction process

in LaGao.gMgo.202.9, Lao.9Sro.1Gao.8Mgo.2O2.85 and Lao.9Bao.1Gao.8Mgo.2O2.85 at Fuel Cell

operating temperatures. For the Cobalt doped Lanthanum Gallate with the highest ionic

conductivity at 800°C, Lao.8Sro.2Gao.8Mgo.115Coo.085O2.8O, Complex Non-Linear Least

Squares refinement of the AC impedance data using three or four parallel R-CPE
circuits was successfully performed. The extent of the electronic domain, Ea = 0.34

±0.02eV, the transition to dominant ionic conductivity, Ea = 0.83 ±0.03eV, and the high

temperature ionic conduction region, Ea = 0.60 ±0.05eV, were elucidated.

Two solid solutions of tetragonal tungsten bronze phases, Sro.6-xBaxTio.2Nbo.8O3 and

Lao.2-jBao.4+xMno.i33Nbo.86703-6 were synthesised. In the Sro.6-xBaxTio.2Nbo.8O3 solid
solution range the increase in conductivity with temperature in air, characterised by AC

impedance spectroscopy, showed a sudden increase in electronic conductivity with
Barium content at x = 0.3, and a magnitude of activation energy for the range

corresponding to Schottky defect formation.



Measurements for the Lao.2-xBao 4+JVlno.133^0.86703.5 solid solution showed a decrease in

the p(C>2) independent conductivity plateau with increasing Barium content compared to

that reported for the parent phase. AC impedance measurements did not signify ionic

conductivity in this solution although significant oxygen vacancies were incorporated
into the structure before the phase limit at x = 0.15.

Electrochemical measurements carried out on the selected tetragonal tungsten bronze

phases, Sro.2Bao.4Tio.2Nbo.8O3 and Lao.2Bao.4Mno.i33Nbo.86703, as potential anode materials

produced very modest electrochemical performances with regards to the oxidation of

hydrogen, but suggested Manganese acted as a catalyst for this electrochemical process.
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Fuel Cells

1.1 Fuel Cells

Environmental concerns

The effects of global warming on the environment are directly related to our consumption
of energy and over-dependence on fossil fuels to provide our energy requirements. The

rapid increase in CO2, considered to be the main greenhouse gas responsible for climate

change, can be traced back to the start of the industrial revolution from palaeoclimatic
data in the form of ice-core samples, sediments, corals and dendrochronology^.

However the main indicator for global warming, the rise in land surface temperature of

0.15°C/decade, has only become apparent since the 1950s when atmospheric CO2
increased to 15% above the pre-industrial revolution levels; as of the year 2000 the level
of CO2 is 30% above this level11'2'.

The current global emissions from burning fossil fuels amount to 2.5x1010 tonnes of CO2

per annum12', with projected global increases in energy demands set to see this figure

triple by the end of the century. The projected effects on climate that this will have,

although disputed still by some, are now of major concern to the wider scientific

community.

In a search for new, cleaner and more efficient energy conversion systems Fuel Cells

provide an attractive alternative to conventional power production by combustion of
fossil fuels.
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Fuel Cells

Carnot Limitation

The inherent inefficiency in the Carnot limitation, which is restricted by the temperature

difference between the heat reservoir, T/„ to that of the heat sink, Tc, in the combustion

process (Eqn. 1.1), does not apply to the electrochemical oxidation of fuels. Even the
most efficient Combined cycle gas turbine (CCGT) power plants used for electricity

production fall woefully short of the theoretical maximum obtainable (Table. l.l)[3l

The majority of the energy is rejected to the atmosphere as

exhaust gases, or another cold sink such as the ocean in the
form of potentially useful, low grade heat at approximately

40°C.

*Efficiencies based on gross calorific
value of the fuel refer to the higher
heating value (HHV) and are lower than
the efficiencies based on net calorific
value which refer to the lower heating
value (LHV).
The difference between HHV and LHV
is due to the energy associated with the
latent heat of evaporation of water,
which cannot be recovered from the
steam cycle.

Table1.2 Efficiencies ofdifferent power generating systems

Unfortunately the infrastructure for utilising this low grade heat, in the form of Combined
Heat and Power stations that distribute it to residential and industrial customers for

heating purposes, is not a viable option, as power stations have as a rule been built away

from urban populations eliminating the possibility of a distribution network.

A distribution network does however already exist for natural gas which currently

provides 39% of the electricity supplied in the UK, mainly from CCGT power stations1^.
This accounts for 30% of all natural gas consumed while a further 33% is used in the
domestic sector for heating and cooking.

T -T
£= h °

Th

Eqn. 1.1 Carnot Limitation
equation.

Thermal efficiency

(gross calorific value basis)*

1995 1996 1997 1998 1999

Combined cycle

gas turbine stations
45.5 45.3 45.2 46.6 46.4

Conventional

steam stations
36.2 36.6 36.5 36.2 36.5

Nuclear stations 36.0 36.9 36.7 36.5 36.8
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Fuel Cells

High temperature fuel cells offer the possibility of combining higher conversion

efficiency for electricity production compared to CCGT with Combined Heat and Power
for domestic and industrial heating, using the existing distribution network.

Other applications include transportation and uninterrupted power supplies.

Solid Oxide Fuel Cells

A Fuel Cell is an electrochemical energy conversion device that has a continuous feed of
chemical energy and, much like a battery, produces electrical energy by charge transfer at

the electrodes of an ionic cell.

A fuel cell therefore comprises four main components:

1. An electrolyte for ionic conduction
2. An anode for oxidation of the fuel

3. A Cathode for the reduction of the oxidant

4. An interconnect for series cell connections

and external current supply

In the case of a Solid Oxide Fuel Cell (Fig.1.1) the Fuel CO,H Exhaust CQ>,H20

electrolyte is a solid ionic conductor which carries
oxide ions between the cathode and the anode. At

the cathode oxygen receives electrons from the
external circuit and is reduced to oxide ions, which

migrate under the influence of a potential gradient
to the anode. At the anode the fuel gas, in our case

reformed methane, reacts with the oxide ions

releasing electrons into the external circuit to

complete the electrical pathway and so produce

power.

CO + H2+ 202" C02 + H20 + 4e"

02+ 4e"

Air Excess Air

Fig. 1.1 Schematic diagram ofa SOFC
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The choice of fuel at the present time is restricted to hydrogen, due to its high reactivity,
obtained from petrochemical feedstocks. For practical use the fuel cell must be capable of

processing a widely commercially available fuel such as methane in the form of natural

gas or from renewable energy resources, such as biomass, in the form of methanol.

The advantages that methane has over hydrogen are threefold:

1. there is no energy lost in the processing of fuel
2. existing natural gas supply is already widespread in most countries
3. the theoretical thermodynamic efficiency of methane oxidation at

1000°C is 0.883 compared to 0.620 for hydrogen[4].

The significance of the 1000°C benchmark is that current SOFC technology has been
based around the electrolyte Yttria-Stabilised Zirconia (YSZ), possessing the cubic
fluorite structure (Fig. 1.2), which requires an operating temperature of 1000°C for
reasonable oxide ion conduction.

Fig. 1.2 YSZ crystal structure

This higher temperature requirement places severe constraints on materials selection, in

particular it excludes the use of stainless steel as interconnect and gas-tight sealing for the

cell, which would have been the material of choice from engineering considerations.
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Additionally it is important that the thermal expansion coefficient of the electrolyte is
matched by all the other components of the fuel cell; namely the anode, the cathode and
the interconnect material which electronically conducts between the anode of one cell and
the cathode of the next so that individual cells can be connected in series.

A mismatch in expansion coefficients leads to large stresses, both during manufacture and

operation, and will ultimately result in cracking of the ceramic structure, reducing the
lifetime of the fuel cell and making it uneconomical. The difference in the relative thermal

expansion of the materials increases with increasing temperature and therefore a lower

operating temperature is desired, which in turn requires an electrolyte capable of

equivalent or better conductivity at lower temperatures.

Additionally there is always a need to develop better electrode materials, either for use

with YSZ or an advanced electrolyte, to improve the direct electrical conversion

efficiency of the fuel cell.

6
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1.2 Thermodynamics

The energy available to do electrical work in a fuel cell is the change in Gibbs free energy

of formation, AG/, going from reactants to products. This is the maximum energy

available to do work, w, excluding any pressure and/or volume changes of the system.

AG/ = -nFE
For the formation of water from H2 and O2 at room temperature and atmospheric pressure

the standard Gibbs free energy obtained from thermodynamic tables is:

HJg) + -OJg) ^ H20(l) AG,0 = -237.2Umol''
2

Where: AG/ = AH/ - TAS"
This is less than the standard enthalpy of formation, AHf°, of water by some 48kJmoT1;
the energy difference in the entropy of the products over that of the reactants at room

temperature, TAS°.
Atf/ =-285.84 kJmor*

An increase in the entropy of a system when it takes in heat corresponds to the spreading
of the occupied energy states of the system^.

In the case of the Hydrogen fuel cell the reactant gas molecules have access to a limited
number of translational, rotational and vibrational energy states at room temperature,

corresponding to entropies Sh2 and V2S02, as does the product liquid water, Sh20-

AS0 = (70.00 -130.6 -102.6)Jmor'K-1
AS" = -163.2Jmol^K'1
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Upon reaction the entropy of the system decreases, taking useful energy away from the
amount available for work and evolving it as heat, reducing the maximum efficiency
obtainable from the electrochemical process.

The maximum electrical work, wmax, that can be obtained happens when all of the Gibbs
free energy is converted to electrochemical energy under conditions of reversibility at

constant temperature and pressure.

AGf° — wf max

The heat from the enthalpy of reaction, AHf, is the total energy available. Therefore the
maximum efficiency of the cell at room temperature is:

AG/ _ -237.2
AH/~-285.84 ~

With an increase in the reaction temperature of the cell the entropy term grows in

magnitude and so the Gibbs free energy decreases, driving down the maximum efficiency
obtainable.

As the temperature of a system is raised so more energy states become accessible to its

constituents, and hence the entropy of both reactants and products steadily increases with

temperature.

Significant increases in entropy are seen at the phase transitions, AStrans, from solid to

liquid and from liquid to gas. The transition is an equilibrium process and hence the
overall entropy change is zero'6' with the latent heat of evaporation, AHtrans, being

supplied from the surroundings.

AM

trans

8
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The energy for transition in the combustion process therefore comes from the enthalpy of

formation, AHf. The enthalpy of formation of water at 373 K is thus reduced to the lower

heating value of the fuel (LHV).

A H f=-241.83
The LHV gives the net calorific value of the fuel at 100°C, compared to the gross

calorific value at 25°C, AHf0, which is then referred to as the higher heating value

(HHV). Often the LHV is used in calculating the efficiency of a high temperature fuel
cell because it gives a more favourable thermodynamic efficiency.

A Gj_ _ ~2^2kJmc^ AGf
AHf ~-24\.%3kJmor' ~ '
While the use of the LHV for calculating the efficiency is not strictly incorrect it is

misleading because it neglects the energy lost in taking the reaction above the steam point
of water.

In order to compare efficiencies of energy production from different generation systems

the gross calorific value should be used, HHV.

Again as we raise the temperature of reaction the entropy term increases, further reducing
the Gibbs free energy available for reaction, so that by the time to that of an operating
SOFC at 1000°C the theoretical efficiency has fallen to:

AG, —\11 AkJmol'1
V IT - u.62

AHf -285.84kJmol
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In contrast the theoretical efficiency for electrochemical oxidation of methane is much

higher, both at room temperature and 1000°C, due to the magnitude of the standard

enthalpy of combustion of methane, AHC .

CHt(g)+202(g)^>2H20(l) + C02(g) a// o =-890.4

Even though the entropy term, AS0, for this
reaction is larger in magnitude than that for the
formation of water TAS° does not reduce the Gibbs

free energy available to such an extent and so the
amount available for conversion to electrical work

is increased.

-1AS = -242.83JmorK

TAS° = —12AkJmoV

AG -818.0kJmol'1
A// - 890.4kJmoI -i

= 0.92

A loss in efficiency still arises as the temperature of the reaction is raised and the steam

point of water is exceeded. With two moles of water formed in the products the loss in
Gibbs free energy to latent heat of vaporisation is double that of the Hydrogen reaction.

However the larger increase in entropy of the reactants and the almost negligible change
in the entropy of CO2 with temperature mostly offset this, so this also represents a small

consumption of the energy available.

TAS° =-119AkJmor'

At 1000°C the overall theoretical efficiency of the reaction is therefore:

AG
_ - 111 3kJmprx

AH 0 -890.4Ac/mo/"1
= 0.87

10
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The equilibrium cell potential, E, when no current is drawn from the cell and the cell

therefore performs no work, is directly dependent on the Gibbs free energy which

provides the electromotive force for the reaction.

AG
E =

- nF

The standard cell potential, ZT°, for the Hydrogen fuel cell is then given by:

E„ AG/ -237.2£W-' l 229y
-nF-2x96485

As the temperature of the cell is raised and the Gibbs free energy diminishes so the cell

potential at open circuit will be reduced. At 1000°C the Hydrogen cell potential, and
therefore the amount of electrical work available, is reduced to:

E = 0.919V

The e.m.f. of the cell drops from the open circuit potential as current is drawn because the
cell is no longer operating reversibly, diminishing the maximum amount of electrical
work that can be done. The change in the Gibbs free energy between reactants and

products is the same, only the amount of electrical work is reduced, with the rest of the

energy being liberated as heat.

In order to increase the cell potential the gas pressure of the reactants is often increased in

high temperature fuel cells so as to increase the activity of the gases, especially for the
cathode side where the oxygen reduction kinetics are sluggish.

Operating at high temperatures the gases behave

ideally and the activities can be replaced by the

partial pressures in the Nernst equation, which

gives the relationship between product and reactant

activities and the cell potential.

E = E" RT In Ph>'F°i
nF Ph2O

11
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The Nernst equation also demonstrates how the cell potential will be reduced as current is
drawn from the cell and the pressure of the reactants drops at the electrode interfaces,

leading to a higher fall in efficiency with increasing fuel utilisation.

For the Methane fuel cell the drop in theoretical cell potential is not quite so drastic with

increasing temperature. The standard cell potential, Er, for the Methane fuel cell is

?o
AGf" -818.0kJmol-1

— = — = 1 .060K
— nF -8x96485 Cmol

From the form of the equation it can be seen how the higher Gibbs free energy of
Methane translates to a lower potential than that for the Hydrogen fuel cell due to the
increased number of electrons participating in the reaction.

Operating at 1000°C the theoretical cell potential for Methane becomes: £? = Q 999 y

12
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1.3 Anodes

Ni/YSZ cermet

The current state of technology uses a Ni/YSZ cermet as the anode. The high ionic

conductivity of the YSZ particles, dispersed in the current collecting Ni matrix, extends
the reaction zone away from the triple phase boundary, increasing the power density of
the cell. This increase in power density comes at a price however:

Ni metal oxidises rapidly at operating temperature, breaking down the Ni matrix upon

cycling between oxidising and reducing conditions. The Ni must therefore be maintained
in a reducing atmosphere upon heating and cooling and also in the event of an

interruption to the fuel supply at the operating temperature. This requires the cell to be
fitted with a safety gas procedure to protect the anode and hence drives up the cost of
fabrication.

The Ni matrix itself needs to be stable for long operating times, and as the morphology of
the anode requires fine particle size there will always be a thermodynamic driving force
to minimise free energy by reducing the surface area of the particles. Sintering or

agglomeration of the particles over long operating times is of concern as this will lead to

a loss in performance of the fuel cell as the surface area of the anode and connectivity to

the embedded YSZ particles is reduced.

Ni also suffers from carbon deposition which blocks the catalytic activity of the Ni
towards hydrogen, requiring steam reforming of the fuel gas, CH4, to CO and H2:

CHi(g) + H20(g) -> CO(g) + 3H2(g) [a// = 206

The process is endothermic and therefore takes heat from the system resulting in

temperature gradients within the fuel cell. With the requirement that the thermal

expansions of the components of the cell need to fall within a very narrow band the
existence of a temperature gradient will introduce stresses between the electrolyte and

anode, eventually resulting in cracking and a shortening of the lifetime of the cell.

13
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One solution is to pre-reform the methane over a catalyst using the heat of the exhaust

gas before delivery to the anode compartment. Again this is introducing engineering
extras into the fuel cell setup, driving up the manufacturing cost.

Mixed Ionic/Electronic Conductors

The development of mixed conductors with good oxide ion conductivity is of major

importance to the advancement of solid oxide fuel cell technology. The ability of an

electrode material to act as both current collector via its electronic conduction and

electrolyte through the migration of oxide ions greatly enhances the power generation
characteristics of the fuel cell by increasing the active surface area of the electrode
material.

At the anode/electrolyte interface of a typical fuel
cell the oxide ions and the activated fuel gas must

be present at a point where electron transfer to the
external circuit can take place. This not only
restricts the reaction area to the interfacial region
but also to the limited area of contact between the

electrode and electrolyte. This area of contact can

be much less than 1% of the geometrical area of
the electrode and consequently the current density
of the electrode will be similarly reduced.

Particle of
electronic
conductor Triple

phase
boundary

H?0

This point of meeting of the electronically

conducing electrode, the oxide ions in the

electrolyte and the reactant fuel gas is known as the

triple phase boundary (Fig.l.3a). °z"t t1 Electrolyte '

Particle of
mixed Double
conductor phase

boundary

Fig. 1.3 (a) Triple phase boundary, (b) Double
layer boundary
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An attractive alternative to this limitation is to make the electrode a mixed conductor;

capable of both ionic and electronic conduction the mixed conductor can extend the
reaction area to the whole of the electrode (Fig.l.3b), The reaction then takes place at the
double layer boundary, which is the whole of the surface area of the anode, in addition to

the triple phase boundary thereby vastly increasing the current density. With an oxide ion
conductor as the electrolyte the obvious choice is to have an anode capable of good oxide
ion conductivity and also moderate to good electronic characteristics.

Transition metal oxides with their variability in oxidation states provide the required
electronic component and their high relative abundance avoids the use of expensive,

catalytically active precious metals, making them very good candidates for this purpose.

However, even with the advanced current theories on ionic transport mechanisms in solid

electrolyte systems, prediction of the ionic conductivity of a material from its crystal
structure is far from certain. Instead a set of guidelines which contain the likely
characteristics that are a prerequisite for high ionic conductivity are used[7]:

i. A large number of the requisite ions should be mobile and
there should be a large number of vacant sites for the ions to

jump into.

ii. The empty and occupied sites should have similar potential

energies with a low activation energy barrier for jumping
between neighbouring sites.

iii. The structure should have a framework permeated by open

channels through which mobile ions may migrate.

iv. The cation framework should be highly polarizable.

In the perovskite related compounds a series of phases that satisfy
the open channel network required in condition (iii) show great

promise.

15
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1.4 Perovskites

The class of compounds based on the perovskite

structure, general formula ABO3 (Fig.1.4), exhibit
a large variation in electronic and ionic
characteristics and the titanates form the basis for a

large proportion of electroceramic applications'81.
LaTi03, SrVC>3 and LaNiC>3 are metallic

conductors while LaRhC>3 is a semiconductor and

LaMn03 an insulator' .

Many ternary mixed oxides of the formula ABO3

crystallise in the perovskite structure, especially
where the ionic radii of A and B are considerably

different, but mixed compounds of the formula

AB0.33B'0.66O3 and AB0.5BY5O3 are also possible.

The ideal perovskite structure is cubic (Fig. 1.5), as

in the case of SrTiC>3, with the larger A site cation
coordinated by 12 oxygen atoms while the smaller
B site is in an octahedral environment. Thus the O-

Ti bond lengths are all equal in the octahedron and
the O-Ti-O bond angles are all 180°.

The octahedra form a three dimensional corner

sharing network corresponding to the ReC>3

structure, with the large A cation sat in the centre

of a cage of octahedra (Fig.1.6),

In the ReC>3 structure the oxygen atoms can be
considered as cubic close packed with one quarter

of the oxygen atoms missing in the abc stacking

sequence.

Fig. 1.4 Cubic perovskite structure

Fig. 1.5. SrTi03 perovskite structure

Fig. 1.6 Three dimensional corner
sharing network
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In perovskite the A site cations are occupying these
vacant sites in the c.c.p. oxygen planes (Fig.1.7).

The sum of the cation charges (+6) can be

accomplished by various combinations (A+IB+5),
(A+2B+4) or (A+3B+3) leading to a versatility in

incorporating cations capable of adopting this
structure.

The mineral Perovskite, CaTiC>3, is slightly
distorted from cubic, and most ABO3 compounds

crystallise in distorted structures. Generally it is
this distortion from cubic symmetry that leads to

the more interesting electronic properties of this
class of compounds.

The most important distortion for the electronic

properties is the tetragonal to cubic transformation.
In BaTiC>3 the size of the Ba2+ ion (1.60A in 12
fold coordination) compared to the O2" ion (1.40 A)
in the 'close packed' Ba-O planes causes the

oxygen octahedron coordinating the Ti4+ to expand
relative to SrTiC>3 (Fig.1.8).

The titanium ion is now 'loose' in the octahedral

cage and displaces from its central position at room

temperature, (Fig.1.9), to a position of minimum

energy, 0.1 A towards one of the apical oxygens,

which results in a change of crystal symmetry and
the tetragonal distortion of the perovskite.

O o O o o

0000b
00000

Fig. 1.7 ccp packing arrangement

Fig. 1.8 Expansion ofunit cell
caused by large A-site cation

JJ

JJ JJ

JJ

Fig. 1.9 Ti displacement in
BaTiOs
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The unit cell is no longer centrosymmetric and
each octahedron gains a spontaneous electronic

polarisation, with adjacent octahedra having a

common displacement forming domains within the

sample.

In the presence of an electric field the polarisation
of the individual domains align parallel to each
other resulting in a net dipole moment which

decays to a residual value after removal of the
field. The residual polarisation, P (Cm-2), can only
be removed by applying an opposite electric field,
E (Vm"1), producing a hysteresis curve (Fig.1.10)
in a plot of P versus E. BaTiC>3 is therefore a

ferroelectric of very high dielectric constant and is
the basis for much of the capacitor industry. Fig. 1.10 Hysteresis curve for a Ferroelectric

At a particular electric field strength saturation of the electronic polarisation occurs, the

magnitude of which is temperature dependent.

Ferroelctricity is usually a low temperature phenomenon'10' due to thermal excitation

breaking down the domain structure as the ionic positions become smeared. The

temperature at which BaTiC>3 changes from ferroelectric to paraelectric behaviour, and
from tetragonal to ideal cubic perovskite symmetry, is 120°C; the ferroelectric Curie

temperature, Tc.

Above this temperature, Tc, the dielectric constant of the material is still high but no net

polarisation remains on removal of the electric field.

Very close to the Curie temperature a ferroelectric material shows a large increase in the
value of its dielectric constant. For practical applications as a capacitor Tc needs to be

suppressed to near room temperature, which can be accomplished by doping of either the
A or B sites.

18
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Doping of the A site with Sr reduces the tetragonal distortion of the cell and hence the

magnitude of the ferroelectric response whilst also lowering Tc. SrTiOa is also a

ferroelectric at low temperatures, Tc = 11 OK, and forms a continuous range of solid
solutions with BaTiC>3 allowing the electrical properties to be tailored by suitable
substitution.

It is the ability of the perovskite structure to accommodate a wide range of cations that
creates scope for the required properties of the final material to be dictated by judicious
selection of the starting materials.

1.5 Tungsten Bronzes

As mentioned earlier, the development of mixed conductors with good oxide ion

conductivity is of major importance to the advancement of solid oxide fuel cell

technology. Here, the electrode material acts both as a current collector via its electronic
conduction and electrolyte through the migration of oxide ions, thus greatly enhancing
the power generation characteristics of the fuel cell by increasing the active surface area

of the electrode material.

Transition metal oxides with their variability in oxidation states provide the required
electronic component and their high relative abundance avoids the use of expensive,

catalytically active precious metals, making them very good candidates for this purpose.

The tetragonal and hexagonal tungsten bronze structures are A site deficient with respect

to the parent perovskite; in the case of the tetragonal phase the deficiency of 40% results
in 20% of the A sites remaining unchanged in cuboctahedral co-ordination with respect to

oxygen ( the square sections ), 40% increased to tricapped trigonal prismatic co¬

ordination ( the pentagonal tunnels ) and the remaining 40% unoccupied ( trigonal
sections )[11l
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The sodium tungsten bronze phases, NaxW03, were originally synthesised by Wohlerf12'
in 1842 by the reduction of molten sodium metatungstate, Na2WC>3, using hydrogen.
However phases of composition MXW03, with M=Alkali metal, Ba, Pb, Th, Ag, Cu or

RE have also been synthesised.

The tungsten bronzes are characterised by their corner sharing of octahedra and the

variability in the oxidation state of the transition metal^13.

Fig. 1.11 Tetragonal (a) and Hexagonal (b) Tungsten bronze structures viewed down the (001) axis.
A site cations are represented by open circles with the concentric squares representing the B site
octahedral environment.
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Background Theory

2.1 X-ray Diffraction

The regular arrangement of atoms or molecules in a material is the distinguishing feature
of a crystal as opposed to an amorphous solid11'2'3'4^. The periodic structure built up by
this spatial ordering of atoms has a vast influence on the chemical and physical properties
of the material. Carbon, for example, shows remarkably different electrical, mechanical
and thermal properties in its two commonly known allotropes of diamond and graphite,
due to the bonding type dictated by the structure.

Rather than considering the structure as a whole
the crystal lattice is often broken down to the

simplest building block, or unit cell, which

repeated in three dimensions will reconstruct the

crystal (Fig.2.1), The primitive lattice shown has
an equivalent lattice point at each corner giving

just one lattice point per cell and has solely
translational symmetry.

The conventional unit cell therefore has three sides

of length a, b and c separated by angles a, (3 and y

but is not restricted to containing just one lattice

point due to other symmetry elements that may be

present (Fig.2.2).

While the simplest unit cell is adequate for the reconstruction of the crystal a larger unit
cell is often chosen to preserve the inherent symmetry of the lattice.

The determination of the crystal lattice is most often done by X-ray diffraction as the
conditions for diffraction are satisfied as the wavelength of the X-rays approaches the

interplanar spacing of the atoms.

23
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Fig. 2.1 Example unit cell block.
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a

Fig.2.2 Unit cell dimensions
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Each atom within the lattice is capable of interacting with incident electromagnetic
radiation via its electrons resulting in one of three outcomes'31:

1. Coherent scattering in which the wave accelerates an

electron causing it to emit a wave of the same frequency
and phase.

2. Incoherent scattering, or collision event, where the wave

changes frequency due to an exchange of momentum with
the electron.

3. Electronic excitation of the electron to a higher quantum

level, resulting in emission of a wave characteristic of the
atom in its chemical environment.

Of these events coherent scattering is responsible
for the peaks in the diffraction pattern observed in

X-ray crystallography, due to the phase relation of
the scattered waves from the electrons on multiple
atoms with a periodicity to their spacing.
Incoherent scattering on the other hand contributes
to the background, as does coherent scattering from

non-periodic structures in the material; the

amorphous content.

A plane wave of electromagnetic radiation incident

upon a row of atoms, normal to the incident wave

(Fig.2.3), will cause them to scatter coherently in
all directions. The scattered wavefront moves out

from each discrete scattering point in all directions
and will be in phase with other scattering events

(Fig.2.4).

24

Fig.2.3 Plane wave ofradiation
incident upon a row a ofatoms

Fig.2.4 Coherent scattering
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It can be seen from the Huygens Construction151
that parallel to the incident wave, forwards and

backwards, the scattered waves constructively

interfere forming plane waves travelling in both
directions.

However, as the wavefronts begin to overlap the

phases of the waves destructively interfere with
one another to some extent in most other

directions, and only constructively interfere at

certain angles determined by the distance between
the point sources and the wavelength of the
incident radiation.

y;\
v

S3x \ \ \
S33;k \x \

X X X i \ \ \
♦3/j\\s

Fig.2.5 Formation ofnew wavefront

If the incident wavefront is now set at an angle to

the row of atoms so that the scattering events begin

successively one wavelength apart it easy to see the
formation of a new wavefront at an angle offset
from the incident wave (Fig.2.5),

It can also be demonstrated that by changing the
distance between the point sources, but keeping the

wavelength the same, how the angle of diffraction

changes as a function of interatomic position

(Fig.2.6).

Fig.2.6 Increasing the interatomic
distance changes the angle ofdiffraction
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For an in-phase plane wave to result from the
diffraction the incident and emergent waves must

differ by an integer number of wavelengths. As the

wavelength of the incident radiation is fixed and a

coherently scattered wave has the same frequency,
and hence wavelength of the incident wave, this
can only happen at discrete angles defined by the
interatomic distance, d.

In the example shown (Fig.2.7) the pathlength of
the rays A and B will differ by two wavelengths; X

before scattering and X after diffraction. The

spacing between atoms, or more precisely planes of

atoms, d, and the wavelength, X, then form the

hypotenuse and opposite side respectively of a

right angled triangle (Fig.2.8).

Fig. 2.7 Pathlength difference of two
waves that coherently scatter

Fig.2.8 Angular dependence on
interatomic spacing and wavelength

The angle at which constructive interference of the coherently scattered wave occurs, 0,
which is also the angle of the incident wave, is then given by Pythagoras theorem.

.

p A,sin 0 = —

d
A pathlength difference of X will also give rise to an in-phase plane wave leading to the
more general case for observable diffraction where n is the order of diffraction. This is
the Bragg Formula and the observed angles are known as Bragg angles:

n/1 = 2d sin 9

26



Background Theory

The condition for Bragg scattering is only satisfied if the number of scattering points is

large and the point of observation is of a greater distance from the scattering points than
the distance between the scattering points .

Although the atoms are individual point sources

the condition that there must be a large number of
sources for the Bragg equation to hold means that

collectively the atoms scatter in parallel planes to

produce peaks in the diffraction pattern (Fig.2.9). Fig.2.9 Parallelplanes in unit cell

Reducing the primitive lattice to a two dimensional

array of points projected down the b axis, for

clarity, (Fig.2.10) shows how rows of atoms act as

diffraction planes with a characteristic d-spacing
between the parallel planes across the diagonal of
the unit cell.

As the planes become more acute with respect to

the unit cell (Fig.2.11) so the inter-planar spacing,
the d-spacing, is reduced, resulting in a greater

angle of diffraction, 0, for the Bragg equation to

hold true.

Fig.2.10 Two dimensional view ofdiagonal
planes in unit cell

Slices taken through the unit cell to produce

parallel planes must contain at least one lattice

point per cell for constructive diffraction to occur

and can therefore be geometrically related back to

the unit cell dimensions a, b and c.

Fig.2.11 Taking acute slices leads to a
reduction ofd-spacing between planes
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Or in the case of the primitive cubic unit cell,

projected in two dimensions above, the first set of

planes shown intercept the unit cell at unit vector

distance in the x and z directions, i.e. at a and c,

diagonally across the cube projected down b, the y

axis (Fig.2.12),

In the second case the planes have adjacent co-

planar lattice points spanning two unit cells, at c in
the z direction from the origin and 2a in the x

direction. The unit cell intercepts are therefore at a

and c/2 for this set of planes (Fig.2.13).

In general then the intercepts on the unit cell axes must be fractions of the unit cell
vectors of the from where h,k and / are integers and are known as the Miller indices of
the planes ^ ^

a b c

Ji'k'l

In order to distinguish the planes from each other the hkl values are used as subscripts in

describing the d-spacing at which diffraction occurs. For the first case the (hkl) plane is
then the (101) Miller plane, or {101} set of planes, and the distance between the planes
d joi. Similarly for the (201) Miller plane of the second example the interplanar spacing is
d201-

nX = 2dhkl sin 6

a

Fig. 2.12 Unit cell view ofdiagonal plane

2a
Fig.2.13 Acute diagonal plane spanning
two unit cells
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An equivalent d-spacing can be obtained for a

given set of Miller planes by considering the order
of diffraction in the Bragg equation. Consider the

(001) planes of the primitive unit cell shown

(Fig.2.14). From the Bragg equation the d-spacing
between the planes, doou equivalent to the unit
vector c, gives rise to a diffraction peak at the

Bragg angle, 0, when the path difference is X; and
the order of diffraction is therefore n = 1.

(001)

(001)v=r
Fig.2.14 (001) planes in primitive
unit cell

sin# =
/I

2d001

A diffraction peak will also be observed at a larger

Bragg angle for these planes when the path
difference is 2X, i.e. at n = 2. This is in a sense

equivalent to halving the d-spacing between planes
and introducing an imaginary plane of scattering

points between the (001) planes; the (002) Miller

planes separated by d002 (Fig.2.15).

(002)

(002)

(002)

^1

Fig. 2.15 (002) planes in primitive
unit cell

Although there are no scattering points in the

primitive cell forming a plane for this scattering

angle the observed diffraction peak is referred to

by the Miller indices for the imaginary planes as

the (002) peak at the d-spacing of the imaginary

plane, rather than being described as the 2nd order
diffraction peaks for the (001) planes.

sin# =
/I

d.002
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The usefulness of describing the diffraction pattern

in this manner becomes apparent with more

complicated unit cells. Take for example the cubic

body-centred unit cell of a-Fe (Fig.2.16). The unit
cell now has two lattice points in order to fully
reflect the symmetry of the cell.

If we look at the (100) planes formed by the corner

atoms of the unit cell (Fig.2.17), which is

equivalent to the primary reflection of the x-axis,
we see that there is an atom exactly midway
between the diffracting planes at the body centre.

The body centre atoms also form (100) planes,

again equivalent to the primary diffraction of the x-

axis (Fig.2.18). The corner atoms together

comprise 1 lattice point (8 corner atoms occupying

'/g of the unit cell), as does the body centre atom.

Diffraction at the Bragg angle from the (100)

planes will therefore result in zero intensity as the

phases of the waves from the two sets of planes are

180° apart, resulting in destructive interference,
and there are an equal number of sources per plane.

In contrast a strong (200) peak will be observed as

all the atoms lie on (200) planes (Fig.2.19) with no

intermediate atoms giving rise to destructive
interference.

7=7
*_ZY

Fig.2.16 Body-centred unit cell
of a-Fe

(100) (100)

7=7

Fig.2.17 A set of (100) planes in
a-Fe unit cell

(100) (100)

Fig. 2.18 Equivalent set of(100)
planes 180° out ofphase

(200) (200) (200)

777

Fig.2.19 (200) set ofplanes
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The systematic absence of the (100) peak for a-Fe

highlights the symmetry elements present within
the cell. By referring to the Miller indices of the

planes as opposed to the order of the diffraction the

presence of space symmetry elements within the
unit cell is enforced.

The primitive unit cell, possessing no internal

symmetry elements, shows no systematic absences.
The cubic unit cell of CsCl, shown with CI" ions at

the cube corners and Cs+ at the centre (Fig.2.20),

appears to be body centred when compared with
that of a-Fe, however the atoms are not all

identical so the cell is primitive and there is just
one lattice point per cell.

The (100) peak, systematically absent in a-Fe, is
observed for CsCl because the scattering power of
the two atoms is different (Fig.2.21),

Although the waves from the two sets of (100)

planes are 180° out of phase, just as for body
centred cubic a-Fe, the amplitude of the waves,

from the Cs+ (100) planes and the CI" (100) planes,
will be different (Fig.2.22) and so the destructive
interference will be incomplete.

Fig.2.20 Cubic unit cell ofCsCl

Fig.2.21 Cr set of (100) planes

Fig.2.22 Cs set of(100) planes
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As mentioned previously coherent X-ray scattering is dependent upon interaction with the
electrons of the atoms or ions of the unit cell. The amplitude of the diffracted wave,/,
will therefore scale with increasing atomic number, Z, as the number of scattering events

per atom increases with increasing electron density.

The intensity, /, of the observed diffraction peak for a given set of Miller indices is

proportional to the square of the resultant amplitude of the two waves. For the (100)

planes in a-Fe this is zero as the amplitudes are identical but out of phase.

For Caesium Chloride the amplitudes of the diffracted waves from the Cs+ (100) and CI

(100) planes are unequal.

The amplitude of the resultant plane wave arriving at the detector is a complex
summation of the phases of the two waves, weighted by the chemical composition of the
unit cell and termed the structure factor, Fm/, for the given plane.

The observed intensity for the (100) diffraction peak will now be proportional to the

square of the structure factor.

As well as the structure factor the intensity is largely governed in powder X-ray
diffraction by the number of planes contributing to the Bragg peak at any given angle.

The multiplicity is then the summation of all possible planes for a given set of hkl values
of a particular d-spacing. In the primitive cubic CsCl unit cell the (100) planes are

equivalent to the (010) and (001) planes. Negative values of the hkl indices, denoted by a
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bar above the index ( 1 00), must also be considered, giving a multiplicity of six for the
set of {100} planes.

The peak in the powder pattern is therefore a minimum multiplicity of two, (hkl) and

(hkl), unlike single crystal diffraction where diffraction spots may be observed at

different angles for the (hkl ) planes.

Due to the random orientation of crystals in the

powder sample the diffraction from a plane does
not produce a single point of observation but a

cone of diffraction (Fig.2.23),

Fig. 2.23 Cone ofdiffraction
produced by powder sample
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2.2 AC Impedance

Ohms Law

In a DC electrical measurement in which a steady state potential, V, is applied across a

sample of a polycrystalline, ionic material the total Ohmic resistance, R, is made up of an

indistinguishable series combination (addition) of the resistance of the bulk phase of the

sample, Rb, and the inter-grain resistance of crystallites, Rgb, (Fig.2.24).

Similarly for a metal wire in an AC electrical measurement, which is purely resistive, the
sinusoidal potential applied to the wire,

Fig. 2.24 Series combination ofbulk and grain boundary resistances

The resultant current, I, is simply given by Ohm's Law:

I
R

V = V0 sincot
also gives rise to a current that obeys Ohm's Law:

V
_ V0 sin cot

= I0 sin cot
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The current follows the driving voltage signal (Fig.2.25) and is only diminished by the

magnitude of the resistance, R. In AC circuits the total resistance to current flow is
termed the impedance, Z. So for our wire the impedance is just the resistance of the wire,
Z = R.

1.0 -

0.5 -

| 0.0 -

-0.5

-1.0 -

Fig.2.25 Current Response ofResistor to AC
Voltage signal

As the magnitude of the impedance increases so the amplitude of the resultant current

response diminishes, (Fig.2.26), as dictated by Ohm's Law; the important thing is that at

all frequencies the resultant current and driving potential are in phase with each other.

1.0

0.5

j 0.0

-0.5

-1.0

Fig.2.26 Current Response with Increasing
Resistance

Unlike the case of the DC circuit for our polycrystalline material after a steady state is

reached, the oscillation of the potential field in an AC circuit allows elements other than the

purely resistive components to contribute to the total observed current, changing the

impedance, Z, and allowing us to separate the individual components.

The major contributors at high frequencies to the current in the circuit are oscillating

charges, which have a fixed polarisation in a DC field, and therefore do not contribute to

the current, but can short circuit the electrical conduction pathways when forced to

oscillate by the AC field.
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Polarisation of ionic materials

A simple solid ionic material is made up of a

regular array of alternating positive and negative

charges (Fig.2.27) such that the charges balance
and hence the electroneutrality of the material is
maintained.

o o
OoO°0
o o

Fig. 2.27 Regular array of ions in an
ionic material.

When this material is placed in a uniform electric
field these charges, q, are displaced a small

distance, 5, relative to their equilibrium positions

(Fig.2.28), and consequently the material gains a

net polarisation per unit volume, Pj, as the positive
and negative ions are displaced in opposite
directions.

The effect of the polarisation of the anionic and
cationic sub-lattices is to set up an opposing
electric field, E', thereby reducing the field within
the bulk of the material, or dielectric, to its

effective value, Ed. The bulk of the material retains

its electroneutrality whereas each perpendicular
surface shows an excess of positive and negative

charge respectively (Fig.2.29),

<-5

Fig. 2.28 Displacement of ions in an
electricfield, E.

E

.....Q* O
O+O—Q

E'
■M-

E = E - E'

The distance to which the ions are displaced is then
determined by the ionic polarisability, a,j, and the
effective field within the ionic medium, Ed.

Fig. 2.29 Opposing electricfield, E', and
effective field, Ej, within the material,

qS = d
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In addition to the charges that comprise the lattice,
the ions themselves, each ion is composed of a

negative electron charge cloud (Fig.2.30)

surrounding the positive nucleus.

The charge cloud of each ion will be displaced a

small distance, 8, relative to the nucleus by the

applied field, E, such that these centres of charge
no longer coincide (Fig.2.31). All materials

undergo this electronic polarisation to some extent,

whether ionic or covalent in character.

This induced dipole moment, p, is also proportional to the applied field strength, E, and

again the electronic polarisibility, ae, gives rise to an opposing field, E', and a resultant
effective field, Ed, such that:

f* = aeEd
Two other polarisation mechanisms usually absent in ionic materials are worth

mentioning for completeness;

i) dipolar reorientation in which the lattice of the material
is composed of permanent dipoles, such as H2O, that can

preferentially orient in an electric field giving rise to a

polarisability, ad.

ii) space charge polarisation, of polarisability as, where one

of the sublattice components can migrate and accumulate at

an interface under the influence of the external field.

Fig. 2.30 Electronic charge cloud

<-5

Fig. 2.31 Displacement ofcharge
cloud in an electricfield
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The induced dipole moment, \i, of each ion pair in the lattice is therefore:

ju= a.Ed
and the ionic polarisation is then given by the number of dipole moments per unit

volume, N

Pi = Na,Ed
In a continuously oscillating field the forced change in polarisation with time constitutes
a current, I, or more precisely a geometry independent current flux density, j, at the
surface normal to the electric field, as the units of polarisation are Cm"2.

dPl .—L = J
dt

For a unit volume cube in a harmonically oscillating electric field the polarisation
becomes a sinusoidal oscillation of surface charge, Q

Q = Q0 sin,af

Just as in the case for the current in the purely
Ohmic wire above the charge build up and decay
at the surface of the dielectric, normal to the

applied field, is in phase with the driving
sinusoidal voltage (Fig.2.32). The magnitude is
determined by the polarisability of the ions.

1.0

0.5

Qo.o -

-0.5

-1.0

'■■■. V = V0sincot

Fig. 2.32 Charge Response ofDielectric
to AC Voltage signal

However the current, I, produced is the derivative of charge with respect to time:

r dQ faI = —^ = coQ0 coscot
dt
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The current will therefore be 90° out of phase with
the driving voltage (Fig.2.33). The current is said
to lead the voltage, as it reaches its maximum value
a quarter cycle earlier. More importantly the

magnitude of the current increases with increasing

angular frequency, go, for any fixed amount of

charge, Q0.
Fig. 2.33 Current Response ofDielectric to AC
Voltage signal

It is impractical to directly determine the polarisability of the individual ions and so

determine the effective field within the material. However, as mentioned before, the

effective field is proportional to the applied field strength so all we need to know is the
surface charge produced by applying a known voltage. This can very easily be done by

forming a capacitor with the material.

A capacitor is a charge storage device consisting of
two parallel plates that store charge +Q and -Q
when a potential difference, V, is applied across

them (Fig.2.34). The storage capability of a

capacitor is termed the capacity, Co, and is given

by the ratio of charge stored to driving potential

Fig. 2.34 Schematic ofa Capacitor

The total amount of electrical charge stored per Volt in a vacuum is determined solely by
the area of the plates, A, the distance between them, /, and the permittivity of free space,

s0.

c — Q. — ^0^
°~V~ I

This arrangement of the plates gives rise to a dipole moment:

Ql = s0A V = s0EAl
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Relating this back to the ionic polarisability of a medium, as, we can see that 80 is the
volume polarisability of free space:

a,
£o ~

0

Al

Giving a polarisation of:

P0=s0E
If the field is forced to oscillate by an applying an AC voltage across the plates this

polarisation will also give rise to a current, I:

I - 0JQ() COScot
a current that has identical properties to the ionic polarisation current in that it is 90° out

of phase with the driving signal and increases with increasing frequency,/:

/ = 2nco
If we now fill the space between the capacitor

plates with a single-crystal slab of our dielectric
material (Fig.2.35) the surface charges induced on

the faces of the dielectric normal to the applied
field will cause extra charges to be induced on the

plates of the capacitor. The total electronic charge
induced on the plates of the capacitor, Q', is
determined by how much more polarisable the
material is than free space alone.

Fig. 2.35 Dielectric capacitor

If the dielectric completely fills the space between the capacitor plates so that the field

everywhere between the plates is the effective value in the medium, Ed, then the free

space contribution for the polarisation in this magnitude of field, without the dielectric

present, is:

R0 £o
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The total plate polarisation, the charge density per square metre, P, is then the sum of the
medium polarisation, Pj, consisting of the extra charges induced on the plate by the
surface charge density of the dielectric, and the free space contribution, Po:

P = P0+Pi
the charges that would be present anyway without the dielectric for the same magnitude
of field, Ed.

P = s0Ed + NafEd
It is more common to relate the dielectric polarisation directly to the permittivity of free

12 1 • • •

space, So=8.854 x 10" Fm" , either by representing the medium polarisation as an

addition to the free space contribution, termed the electronic susceptibility, %e:

P = s0Ed+Zes0Ed

or the whole system as a multiplication of the polarisability of free space termed the
dielectric constant, or relative permittivity, of the material, sr.

P = (l+Ze)e0Ed=sre0 Ed

Whichever convention is adopted it can be seen that insertion of the dielectric between
the plates of the capacitor increases the capacity, causing the phase shifted current in the
external circuit to be increased.

C = Q=PA grg0T
V EJ I

By forming an electrical contact between the capacitor plates and the dielectric material
electronic charge can pass across the material into the external circuit, as in the DC
measurement. In addition, at high AC frequencies the oscillation of the lattice ions will
induce a capacitance charge on the plates which also contributes to the current.

/ = coCV0coscot
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Impedance response as a function of frequency
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Fig. 2.36 Impedance response ofa Resistor and a Capacitor in an ACfield as a
function offrequency.
R= IxlO7 Q C= 5xI0~'2F

Circuit Diagrams

The capacitance current increases with increasing frequency, (Fig.2.36), whereas the
electronic current is frequency independent. In effect the two conduction mechanisms are

in competition with each other at each frequency; that is the conduction paths are in

parallel to each other (Fig.2.37) and the current will favour the path of least resistance or

impedance.

c

Fig. 2.37 Parallel Resistor-Capacitor circuit
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In the DC measurement and at low frequencies the resistance of the capacitor part of the
circuit is infinite, as co —» 0, and no longer forms part of the conduction path; only the
resistor is seen by the applied signal (Fig.2.38) and the current obeys Ohm's Law.

V0 sin cot
_ V0

/0 sin cot /0

Fig.2.38 Resistor short-circuit

The impedance of the circuit is then proportional to the magnitude of the resistance of the
resistor.

Z = R

At high AC frequencies the capacitor arm of the circuit is extremely conductive while the
resistor allows negligible current to pass in comparison. The impedance of the circuit is
therefore due solely to the capacitance of the material (Fig.2.39) and hence the frequency
of the applied signal.

r~\N\r—

/ = coCK, coscot

Fig. 2.39 Capacitor short-circuit

The current will be of the same frequency as, but phase shifted by 90° relative to, the

driving voltage signal. The impedance of the circuit is now proportional to the magnitude
of the reactance, Xc, of the Capacitor,

V

Xc = V-2L
I0

Where:

X =
1

coC
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The reactance plays the same role in the circuit as a resistor in terms of diminishing the
current, decreasing it with increasing reactance, i.e. decreasing frequency or capacity,
however there is also the phase component to the impedance.

V0 sin cot
Zi —

coCV0 cos cot

By simply using the reactance as an equivalent to the resistor in an AC circuit and

applying Ohm's Law this phase information, the information we need to distinguish the
resistance from the capacitance in our circuit, is lost.

Z
1

coC
tan cot

In order to retain the phase information for more

complicated systems we need to turn to complex
numbers. A complex number in Cartesian
coordinates is of the form:

a - x + iy

where a: is the real part, y the imaginary part and i
the square root of -1 (Fig.2.40).

A complex number can also be expressed in polar
coordinates as

a - rfcos^ + z'sin0)
Here the real part is rcosO and the imaginary part

rsinO (Fig.2.41),

Imaginary

Real

Fig.2.40 Complex number in
Cartesian form

Imaginary

Real

Fig.2.41 Complex number
in polarform
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The property of complex numbers we wish to exploit is the exponential form:

W
a = re

which arises from the polar form using Euler's relationship:

el° = cos# + z'sin#

The time-varying current and voltage of our circuit can be represented as the complex
numbers:

V(t) = Veia"
Where V is itself a complex number, independent of time, of the form x + iy. The actual

time-varying voltage, V(t), and current, I(t), are given by the real part of the complex
functions:

I(t) = Ie'Jcot

The complex impedance of the circuit can then be represented as a time independent

quantity by Ohm's Law: ^

t-Z
I

and as above the actual time varying Impedance, Z(t), will be given by the real part of
the complex function:

icotZ - re

For a capacitor the current as a function of time is given by:

m=w=c<m
dt dt

and then in the complex form by:
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cdm=^L=iaC^
dt dt

The complex impedance for a capacitor is therefore:

z-S- F 1
I icoCV

The impedance of the capacitor is purely

imaginary, unlike the resistor which is purely real.

Energy is not dissipated by Ohmic heating in the

capacitor as it is for the resistor. On the forward

cycle the sinusoidal voltage is causing charge to be
stored on the capacitor plates, which is then
released on the reverse cycle (Fig.2.42).

The reactance, Xc, and hence the impedance of the capacitor only determines the
maximum current allowed to pass at any frequency. The phase information is now

implicitly retained in the complex impedance equation:

icoC

Note that the coefficient for the real part of the complex equation is zero for a capacitor.

cd_m = dC^L = iaCVe-
dt dt

At a particular intermediate frequency the current in each arm of the circuit will be equal,
when the impedance of the capacitor matches that of the resistor. As the frequency of the

1.00

0.75

I 0.00 kJ

Fig.2.42 Charge storage on Capacitor
plates
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driving signal is reduced so the reactance of the capacitor arm of the circuit increases
until it is equal to that of the resistor arm of the circuit (Fig.2.43).

Fig. 2.43 Equal currentflow in the Resistor and
Capacitor arms ofthe parallel circuit

At this intermediate frequency the total Impedance of the circuit will be given by
Kirchoff s Rules for electrical circuits. In the case of parallel resistors the voltage passing
across the two elements is equal to the voltage across each resistor.

V_
R~ R' R"

The total complex impedance of the parallel resistor capacitor circuit is then a vector

quantity:

1 1 1
—

— —i
z Z' Z"

consisting of a real impedance, Z':

Z'=R

and an imaginary impedance, Z":

Z"= 1
icoC
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Represented on an Argand diagram (Fig.2.44), it is

easy to see the relationship between the real and

imaginary parts of the complex impedance and the
90° phase-shift between them. The total complex

impedance consists of a magnitude, r, and a phase

angle, <j), of 45°.

As the two current waves from the capacitor and
the resistor parts of the circuit are of the same

frequency and magnitude at the point of

equivalence the resultant is a superposition of the
two waves with intermediate phase angle <j)

(Fig.2.45),

By scanning the frequency range from purely capacitative behaviour at high frequency to

purely resistive behaviour at low frequency it is possible to follow the change in phase

angle with frequency, using a Frequency Response Analyser, and hence quantitatively
determine the real and imaginary parts of the impedance (Fig.2.46).

log f (Hz)

Fig. 2.46 Impedance response ofparallel circuit (brown) as afunction offrequency.
R= lxlO7 Q C= 5xI0'I2F aq

CO
max

r /

T

Fig.2.44 Argand diagram ofequal current
flow in parallel circuit

Fig.2.45 Resultant wave (brown) from
superposition ofthe two current waves
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On the Argand diagram (Fig.2.47) the frequency
scan produces a semicircle of diameter R, with the
low frequency intercept where only the real

resistance is seen, and height —-— at the
2coC

frequency of equivalence, (Dmax. This then allows
us to determine the capacitance contribution of the

single-crystal to conduction in AC fields.
2

Fig. 2.47 Argand diagram offrequency sweep
for parallel R-C circuit

The magnitude of the capacitance is determined by the dielectric constant, or relative

permittivity of the material, 8r, which is typically 10 times that of free space, So=8.854 x

10 14 Fcm"1; so for a 1cm3 sample size the characteristic capacitance for the bulk of the
1 9

material will be of the order of 1x10" F.

In a similar way to the slab of single-crystal the polycrystalline material we are interested
in also has a capacitance associated with the grain boundaries in the material.

Bulk and grain boundary responses

The displacement of charges in the bulk of the
material leads to capacitance charge at the surfaces
of the grain boundaries normal to the applied field.
In the idealised model of the brickwork

arrangement of grains, cubes of equal dimensions,
the surfaces act as opposing mini capacitor plates

(Fig.2.48). The capacitors are filled with dielectric
of thickness, /, and separated from the oppositely

charged plate of the neighbouring grain by the
finite thickness of the grain boundary, d. Fig.2.48 Brickwork model

ofgrains
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The capacitance of an individual grain, Cg, (Fig.2.49) will be given by the formula
derived for the full-scale capacitor above for the case of a single-crystal, and for unit

• • 12dimensions the geometry corrected capacitance will again be of the order 1x10" F for a

typical ionic material:

r _£A
g~ I

I

Fig. 2.49 Single grain in
the brickwork model

The capacitance of the grain boundary itself, Cgb, will be considerably higher due the
much smaller distance between the capacitor plates (Fig.2.50):- It should be noted here
that the dielectric constant for the bulk of the material, sr, has been used as an

approximation to derive the grain boundary capacitance. Due to the nature of the grain

boundary, which can be as trivial as a meeting of two crystallographic planes of differing

orientation, twins, stacking faults or screw dislocations, it assumed in the idealised case

that the grain boundary polarisations in high density materials have more in common with
the bulk of the material than with free space alone. These networks of faults, or

interfaces, are also responsible for the grain boundary resistance to electronic conduction
introduced at the start of the chapter.

(i _

gb~ d

II
d

Fig. 2.50 Grain boundary
capacitor plates

The grain boundary capacitance then scales with the ratio of the thickness of dielectric

material, /, to the grain boundary width, d. Although the exact nature of the grain

boundary may not be known it can still be identified and distinguished from the bulk by
the magnitude of its capacitance.

CI
C.„ = 8ygb d
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For well-sintered materials the grains are tightly

packed so that the presented surface area of the

plates, A, is large and the grain boundary width, d,
is small. The capacitance is high and of the order
of 1x10"8F, falling to lxlO"nF for poorly sintered

samples where there may be necking between

grains, implying low capacitance plate area, A,

(Fig.2.51a); or loose packing of the micro-crystals
such that the alignment between crystal faces is not

parallel, increasing the effective distance between
the opposing grain capacitor plates, d, (Fig.2.51b)
and introducing volumes of free space into the

grain boundary capacitance such that the relative

permittivity between the opposing grain capacitor

plates is reduced, sr —* e0.

(a)

(b)

Fig. 2.51 Necking between grains (a),
loose packing ofmicro-crystals (b)

Whatever the magnitude of the grain boundary capacitance it will be larger than that of
the bulk of the material and be capable of conduction in an alternating field. The

capacitance of the grain boundary will therefore also give a parallel resistor-capacitor
circuit response to an applied AC field (Fig.2.52). The grain boundary capacitance, Cgb,
will short circuit the grain boundary resistance, Rgt>, at high frequency where its reactance
is negligible, whilst at low frequency the DC resistance of the material will be observed
as the reactance of the capacitor part of the circuit tends towards infinity. Again there will
be a point of equivalence in the two branches of the circuit at some characteristic angular

frequency, comax.

Rgb

cbb
Fig. 2.52 Parallel R-C circuitfor
grain boundary element
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This circuit will also give rise to a semi-circle in
the complex impedance plane as we scan the

frequency range (Fig.2.53) but at a lower

frequency than for the bulk response, due to the

higher capacitance of the grain boundary.

However, at the frequency of equivalence, comax,

sometimes called the resonance frequency, o>o, the

phase angle of the complex impedance will no

longer be 45° as the grain boundary sub-circuit is
no longer the only circuit component.

Z"
▲

CO

♦
♦

1 \
r /•'

m

a 2caC \
\ ►

R_
2~

Fig. 2.53 Argand diagram for the
grain boundary parallel circuit

If the polycrystalline material is very dense and the

grain boundaries well formed the bulk sub-circuit
will have reduced to a series resistor, Rb,

(Fig.2.54) at the lower frequency where the grain

boundary sub-circuit impedance significantly

begins to switch from capacitor reactance, Xc, to

electronic resistance, Rgb.

R-bulk

-nAAM

Rgb

r^/WS

cgb

Fig. 2.54 Circuit diagramfor ionic
material atfrequencies below the
influence ofbulk reactance

Therefore, the complex impedance at high frequency for the grain boundary sub-circuit
will reduce to a series addition of the bulk resistance, Rb, and grain boundary reactance,

Xc.

Z = Rb +—*—
icoCgb
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As the conductivity of the grain boundary reactance is higher than that of the bulk
resistance the main voltage drop will be across the bulk resistance element (Fig.2.55) and

consequently the superposition of the two current waves in the circuit will result in only a

minor phase shift. With decreasing frequency the grain boundary reactance will increase
and so the phase shift will increase.

At intermediate frequency where the magnitude of the grain boundary reactance becomes

comparable to that of the grain boundary resistance the complex impedance will be given

which describes a semicircle in the complex impedance plane of diameter Rgb, displaced
a distance Rb from the origin. And at low frequency, to—>0 and Xc —»co, the complex

impedance will reduce to the DC resistance of the material.

Fig. 2.55 Short circuit ofthe grain boundary resistance

by:

Z — Rb + Rgb
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A complete spectroscopic scan will therefore yield two semicircles in the complex

impedance plane (Fig.2.56) separated by frequency, corresponding to the two equivalent
circuits for the bulk and grain boundary components of the material (Fig.2.57),

Z'

G)

Rgb

Rb Rgb

rW\A— rWV^—

G cgb

Fig. 2.56 Argand diagram for bulk and grain
boundary elements

Fig. 2.57 Circuit diagram for bulk and grain
boundary elements

The angular frequency at which equivalence occurs allows us to determine the

capacitance of each element and therefore assign them to different regions of the sample.

1 = a)0RC

The relaxation time or time constant, r, for each parallel RC element is then characteristic
for the sample. Whereas the grain boundary capacitance may vary as a function of

synthesis the bulk time constant will be invariant with synthesis procedure, hence the

resistivity and capacity values obtained are those of a single crystal of the material as the
resistance and capacitance have inverse geometric dependencies.

r = ^- = RC
©0
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3.1 Introduction

Although the idealised Perovskite structure contains no oxygen vacancies, and

conductivity is therefore typically electronic in character, a perovskite oxide is capable of

accommodating a large number of oxygen vacancies. Substitution by aliovalent cations
allows oxygen deficiencies to be incorporated into the structure, resulting in significant
oxide ion conductivity'11.

Ishihara et al '2'3' reported similar ionic conductivity to YSZ at 1000°C in the doped

perovskite LaGaC>3 system, but at the much lower temperature of 850°C, making it a

likely candidate as the electrolyte for the next generation of SOFC's.

The high oxide ion conductivity and thermal stability of these systems at intermediate
SOFC operating temperatures are the principal material properties driving research.

Ideally the operating temperature needs to be reduced to around 800°C to allow the use of
stainless steel to be used, as both interconnect and main body support, and also to reduce
the stringent materials requirements placed on researchers for use at higher operating

temperatures, principally the close matching of thermal expansion coefficients of all the
cell components.

A further benefit of reducing the temperature of operation will be to prolong the life

expectancy of the fuel cell by improving the chemical stability of the components with

respect to each other'4'. It has been found that over time LaGa03 based materials often
react with adjacent electrode or electrolyte materials at higher temperatures forming
unwanted secondary phases centred at electrode/electrolyte interfaces^'6'7'81.

The secondary phases are a result of Ga depletion at the external surfaces of the
materials'9'. In reducing atmospheres vaporisation of Ga2C>3 from both pure and doped
Lanthanum Gallates is rate dependent on the dopant levels within the material and the

temperature of operation.

A lower operating temperature for the fuel cell would therefore also favour the use of a

Lanthanum Gallate electrolyte.
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In LaGaC>3 the large La3+ ions occupy the A sites in a cuboctahedral co-ordination with
o i

# #

respect to oxygen, and the smaller Ga ions the B sites in an octahedral environment.
• • 94. 9_L

Doping of the A site with Sr and the B site with Mg leads to oxygen deficiencies in
the structure given in Kroger-Vink notation by

A site: SrO + LaLax + V200x = Sr La + V2V0" + '/2La203

B site: MgO + Ga^ + '/200x = Mg Ga + V2V0" + V2Ga203

Leading to a general formula, Lai_xSrxGai.yMgy03.(X+y)/2

The system Lao.9Sro.1Gao.sMgo.2O2.85 (LSGM) initially reported by Ishihara et al12' has
been extensively studied with its structure being determined from powder neutron

diffraction data by our own group at St. Andrews[1 , showing the structure to be
rhombohedral above 700°C for this system and above 250°C for the parent system,

LaGa03.

The proposed mechanism for ionic transport in this system is that of vacancy hopping.
For this to occur the oxygen ion , X, must pass through a bottleneck defined by the

triangle (2A + IB) shown in (Fig.3.1)

Fig. 3.1 Perovskite structure with one ofthe oxygen ions (white) removed. For oxygen
anion X to move it must pass through the bottleneck defined by the two A-site corner
cations (large, black) and the central B-site ion (small, black).
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The results of the powder neutron diffraction experiments carried out by P. Slater et rd'10'
show that the effect of doping LaGaC>3 is to widen this aperture with respect to the parent

system by reducing the tilt angle of the GaC>6 octahedra, and therefore present the

opening more face on to the migrating ion. Thus the activation energy for the hopping
mechanism is reduced.

It can also be seen from (Fig.3.1) that the size of the cations also play a crucial role in

determining the extent of the opening of the aperture; doping with a smaller cation on the
La site would reduce the size of the opening, and hence the activation energy would be

expected to increase.

The role of Sr2+ as dopant, ionic radius 1.44A in twelve-fold coordination compared to

1.32 A for La3+, can therefore be emphasised on structural grounds alone as playing a

major part in increasing the ionic conductivity. The maximum amount of Strontium that
could be doped into LaGaC>3 was found to be 10 mole % on the La site without a second

dopant on the Ga site'2^.

The conductivity was found to increase with increasing Sr content due to the larger
number of oxide ion vacancies, as it did to a lesser extent with Ca and Ba doping.

Equal doping of the Ga site of Lao.gSro.iGaCL-a was then investigated with Mg, A1 and
In' , all of which increased the conductivity, with the increased vacancy contribution of

Mg2+ doping giving the highest conductivity in Lao.9Sro.iGao.9Mgo.i02,9.

Investigation by Ishihara et al then switched to the level of Mg2+ dopant in the

Lao.9Sro.2Gai.yMgyC)3_s system; the optimum for this system giving an ionic conductivity
of 0.08 Scm"1 at 1073K for y = 0.2[2] (Table3.1 ).

However the rate of Ga depletion increases with increasing Sr content while Mg doping

appears to have no effect'11' so the lower Sr doped system, Lao.9Sro.iGao.8Mgo.203-s, was

chosen in this study for investigation using AC impedance spectroscopy.
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Later work by Huang and Petric'12' focused on the solid solution range of

La(Sr)Ga(Mg)03 finding that the amount of soluble Sr increased with Mg doping to a

maximum value of 25 mole % on the La site. While the conductivity increased with both
Sr and Mg ion doping the activation energy for the ionic conduction process decreased
with increasing Sr content but increased with increasing Mg.

Compound ct ( Scm"1) at 1000K from graphical data

Lao 9S10 iGaCUg 6.4x10_3[2]

Lao.gBao.iGaCUs 2.8xl0"3 [2]

Lao.oCao.iGaCUg 2.3x10"3 [2]

Lao.9Sro.1Gao.9Mgo i03_§ 5.6x10"2[2], 5.7x10_2[5]

Lao.9Sro.iGao.9Al0.i03_5 1.1 x 10 2 [2]

Lao,9Sro.1Gao.9lno.i03.8 2.0x10~2pl

La0.8Sr0. iGao.8Mgo.203_8 6.8xl0"2[2], 6.9x10"2 [5]

Lao.8Sr0.2Gao.9Mgo.i03^ 8.3x10"2[5]

Lao.8Sro.2Gao.8Mgo.203_g 8.0xl0"2[5]

Table 3.1.

The effect of doping the La site with other Lanthanides has also been investigated'3', with

conductivity found to decrease with decreasing ionic radius, and preliminary work on

other divalent B site dopants'13', mainly with Mg as the primary dopant, has been carried
out in order to further enhance oxide ion conductivity.

Based on the computer simulation techniques performed at Surrey University by M.S.
Khan & M.S. Islam'14', sponsored by BG technologies, high ionic conductivities were

predicted for LSGM systems where M= Cu, Hg.
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The simulations predicted that the magnitude for the vacancy binding energy for Cu was

lower than that of Mg, implying that Mg ions trapped vacancies and prevented them from

migrating, whereas the lower calculated value for Cu theoretically leads to increased
ionic conductivity.

The synthesis of the patented phase Lao.9Sro.1Gao.8Cuo.2O2.85 as a potential electrolyte was

attempted by Warwick University but failed to yield a single phase compound. Previous

analysis of the electrical properties of the doped Lanthanum Gallates has concentrated on

four terminal DC conductivity measurements for accurate determination of the ionic

conductivity at elevated temperatures, with the experiments also carried out as a function
of p02, at selected high temperatures, to measure the extent of the ionic regime.

Apart from some isotopic exchange experiments^15^ carried out at 800°C there had been

very little other transport characterisation of the LSGM ceramics at the start of this

project.

In order to try to elucidate the activation energy for the ionic conduction process, and to

see how dopants affect the conduction mechanism, AC impedance spectroscopy has been

employed in this report on samples supplied by Tatsumi Ishihara as part of the NEDO
funded investigation into alternative electrolyte materials.
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3.2 Experimental

Sample Preparation

Ready made samples of composition LaGao.8Mgo.2O2 9 and Lao.9Sro.1Gao.8Mgo.2O2.85 as

tested by four-probe DC conductivity measurements^2'31, were supplied as powders and
formed into 1.2cm diameter pellets of varying thickness by sintering at 1400°C for 8

hours. The pellets were coated on either face with platinum ink and fired at 900°C to

form electrodes prior to testing.

In addition two Cobalt doped tape-cast discs of Lao.8Sro.2Gao.8Mgo.115Coo.085O2.80, radius
1.6cm and thickness 0.040cm, also tested by four-probe DC conductivity
measurements^161 were made available. The discs were broken into approximately 4cm2
pieces and coated with platinum ink to form electrodes. The area of the electrodes was

calculated using high quality paper, cut to the size and shape of the electrolyte pieces, and

accurately weighed. This was compared to the weight of the uncut paper of known area.

The sample of composition Lao.9Bao1Gao.8Mgo.2O2.85 was made by Dr. Peter Slater of the
JTSI research group here at St. Andrews.

X-ray Diffraction

Powder X-ray diffraction was carried out on the as supplied samples to check the unit cell
sizes for density corrections in AC Impedance measurements. Powder data was collected
on a STOE STADI-P transmission diffractometer, using Cu-Ka radiation, over a 29 range

of 5-100° and the unit cell size determined using the STOE software.
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The pellets were ground and re-examined after testing to ensure the samples did not

undergo significant phase change and increase in impurity level from prolonged thermal
treatment.

AC Impedance

Two-terminal AC Impedance spectroscopy measurements were carried out in a ceramic

jig using a Solartron 1260 Frequency Response Analyser and analysed using Zview
software from Scribner Associates. An applied AC potential of lOOmV was typically

employed in the frequency range 0.1 Hz to 10MHz, dependent upon the response of the

sample under investigation.

All measurements were carried out in air from room temperature, or the lowest

temperature at which the maximum input impedance of the FRA was not exceeded, up to

a maximum of 1000°C in a purpose built horizontal tube furnace, able to accurately hold

temperature to within ±0.5°C of the set-point of the furnace at all temperatures.

The electrodes of the sample were contacted by pressed platinum wires in the form of

spirals to the FRA in order to avoid the current collection problems of single point
contacts on the electrode surface.

Jig corrections

The total measured impedance response of the sample also includes the impedance and

capacitance contributions due to the jig, in the form of the platinum wires and leads

connecting the sample to the FRA. In order to subtract these contributions regular
calibration of the jig, usually performed every three months, is a necessary part of the

experimental procedure.
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Although the jig capacitance is for the most part constant, and shows little dependency on

temperature, the resistance of the platinum wires shows a strong linear dependence on

temperature that also changes with time, as the platinum wires age with thermal cycling
and thereby increase in resistivty.

The capacitance of the jig is found by leaving a small gap between the platinum wires,
• *12

~lmm, and measuring the empty cell. The measured capacitance, 3.0x10" Farads for the
ceramic jig used in this work, is independent of the open distance between the ends of the

platinum wires up to approximately 12mm. This value was subtracted from the measured
bulk capacitance obtained from the complex Modulus plots of the data.

Sample Corrections

Both the measured capacitance and resistance are geometry dependent. In order to

normalise the obtained values to samples of different geometries the geometric factor has
to be included, yielding the resistivity and geometric capacitance of the material.

The density of the sample compared to the theoretical density, determined from the

stoichiometry and the unit cell parameters obtained by X-ray diffraction, corrects the

resistivity of the sample to the actual amount of material between the electrodes.

The theoretical density is simply the integer number of formula units per unit cell, Z,

multiplied by the formula unit mass of the sample, Mr (gmof1) / Na (mol"1), divided by
the unit cell volume, V (A), found from X-ray data, in units of cm3 ( xl 0"24).

Mr Z
Na Vxl(T24
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The actual density, p, for a pellet is the mass of the pellet divided by the volume of a

cylinder. The dimensions of the pellet are determined using a micrometer screw-gauge.

The ratio of actual density to theoretical gives the correction to the resistivity of the
material. With the implicit assumption that vacant space within the material is non¬

conducting the resistivity is therefore reduced by the appropriate factor.

correction =

Ptheo
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3.3 LaGao.8Mgo.202.9

One of the main reasons for lack of characterisation the Lanthanum Gallates using AC

Impedance Spectroscopy so far is the high correlation between components in the

complex AC Impedance response of these Lai_xSrxGai.yMgy03.(X+y)/2 systems.

(Fig.3.2) shows the complex impedance response of the zero Strontium doped phase,

LaGao.8Mgo.2O2 9, at the lowest measurable temperature for this sample of 249°C. Below
this temperature the total impedance of the material exceeds the maximum input

impedance of the Solartron Frequency Response Analyser before the response returns to

the real axis, resulting in low frequency scatter.

The spectroscopic scan was measured over the frequency range lHz-lMHz at all

temperatures and some representative frequencies are indicated on the diagram. The scan

has also been corrected for the geometry of the sample.

LaGao.8Mgo.2O29

Z

Fig.3.2 Geometry corrected Impedance plane plot of LaGao.gMgo.2O2 9 at 249°C in air.
Units are Qcm.
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The first thing to note is that the complex plane plot does not show the idealised ceramic

response of distinct semicircles corresponding to the bulk and grain boundary elements of
a polycrystalline solid.

Instead the response consists of at least three, and maybe four, overlapping parallel RC
elements. The overlap arises because the time constants for the sequential processes are

of similar magnitudes, with the result that the RC sub-circuit responses occur in adjacent

frequency decades and are therefore too close together to be easily distinguishable.

The imaginary parts of each process become parasitic on one another, so the individual

responses never return to the real plane, as they shift from capacitative to resistive
behaviour, before the next process begins.

Using the Z-view Complex Non-Linear Least Squares fitting program, Equivalent
Circuits (Fig.3.3), and using only two sub-circuits in the initial model yields a reasonable
fit to the measured data at high frequency, above 10kHz.

LaGao.8Mgo.2O29

10kHz
1.00E+06

Z'

Fig.3.3 Geometry corrected Impedance plane plot of LaGa0 sMgo^CL 9 at 249°C in air and the two
parallel circuit fit to the measured data. Units are Qcm.
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Below 10kHz the point by point fit increasingly deviates from the measured data as the

frequency decreases and the model fails to account for the complexity of the system. This

preliminary treatment does however indicate that a single RC element is responsible for
the high frequency data which appears from visual inspection to account for well over

half of the materials measured impedance.

The time constants for the different processes in the two sub-circuit model are defined as

T\ — R\C\ r2 — R2C2
If the two time constants are of similar magnitude, as they are for this preliminary model,
then they will be resolved in the Modulus spectrum if Ri and R2 are significantly different
and in the Impedance spectrum if Ci and C2 differ'17'. In practice for such highly
correlated samples satisfactory resolution is rarely achieved in either spectrum.

The measured data at 249°C plotted in spectroscopic form, (Fig.3.4), for both the

imaginary components, Z" and M", shows that the peak in the imaginary part of the

impedance at high frequency corresponds to the single observable peak in the Modulus
formalism.

LaGao.8Mgo.2O29

frequency (Hz)

Fig.3.4 Spectroscopic Imaginary Modulus and Impedance plotfor LaGa„ ^Mgn 202. <> at 249°C in air
Z" units: Qcm M" units: F_Icm
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The absence of a second peak in the M" spectrum implies that the capacitance of a

second element is too large, at least two orders of magnitude larger than that responsible
for the primary peak.

The geometry and jig corrected capacitance associated with the Modulus peak, 6-lxlO"1
Fern"1, is that of the bulk of the material and therefore the major impedance in the
measured data is due to the bulk resistance.

Although the spectroscopic plot for M" appears to show the beginning of another

capacitative element at higher frequency this is in fact an artefact of the Solartron

Impedance analyser.

Although the Solartron 1260 FRA is rated to 10MHz the calibration carried out by
Solartron engineers left the measurement board, for the 1MHz frequency and above, out

of their own calibration standard, (Fig.3.5), which is why data from this frequency range

is excluded from the analysis but still collected for guidance to the eye.

LaGao.8Mgo.202.9

r 1.20E+11

log frequency (Hz)

Fig.3.5 Spectroscopic Imaginary Modulus plotfor LaGao.8Mgo.2O2g at 249°C in air including
data above IMHz.
M" units: F"'cm
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The breadth of the single peak also shows that the bulk capacitance element is distributed
and must be described using a constant phase element, CPE, for which the Solartron uses

the equation.

If the exponent, «, is equal to 1 then the CPE behaves as an ideal capacitor and the

equation is the same as that of a capacitor with a purely imaginary reactance. For values
less than 1, in terms of electrical circuits, the magnitude of the exponent for the CPE
demonstrates the degree of non-ideality of the capacitor. As the exponent heads towards
zero the CPE behaves more like a resistor and reduces to a resistor for n - 0 when the

reactance is purely real.

At values of n close to 1 the CPE is in effect acting like a leaky capacitor with some

resistor character, allowing a small amount of charge to pass between the capacitor plates
so that the phase angle of any current flowing through such an element can never be 90°
out of phase with the driving voltage.

In chemical terms the CPE can be thought of as the deviation from simple harmonic
motion of the oscillation of charge within the material.

Imperfections in the lattice of the material in the form of point defects and dislocations
will cause some charges to oscillate more or less than those surrounded by regions of

perfect crystal. The material will then show a symmetrical distribution of relaxation

frequencies around the mean of that of the perfect crystal lattice, rather than one

frequency which describes the lattice as a whole and which is represented by a capacitor
element.

Z"
1

Z - —

Q
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The result will be the same as that for the leaky capacitor as the symmetrical distribution
of closely related, but different relaxation frequencies, will lead to a broadening and

flattening of the dielectric response of the material as the individual frequencies come

into equivalence with the opposing resistor.

The bode plot of (Fig.3.6) shows how the phase angle for a simple circuit is reduced and
the response broadened over frequency decades as the CPE deviates further from ideal

capacitor behaviour.

-90

log frequency

Fig.3.6 Simulated Bode plot ofthe insert circuitfor different n parameters ofthe Constant Phase
Element, showing a decrease in phase angle and increases in dispersion with decreasing n.

The two RCPE sub-circuit fit by the Equivalent Circuits program to the measured data is
shown in (Fig.3.7), Here the charge storage, Q, of the CPE representing the bulk of the
material is denoted CPE-bulk-T and the power index, n, by CPE-bulk-P. The grain

boundary is similarly represented while Rs is the resistance of the wires contacting the

sample and remains fixed in the analysis while the other parameters are given freedom.
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Rs R-bulk R-gb

Element Freedom Value Error Error %

Rs Fixed(X) 1 N/A N/A

R-bulk Free(+) 1.4348E6 79538 5.5435

CPE-bulk-T Free(+) 2.121E-11 2.0829E-12 9.8204

CPE-bulk-P Free(+) 0.89373 0.010031 1.1224

R-gb Free(+) 1.3958E6 84197 6.0322

CPE-gb-T Free(+) 1.081E-9 1.1802E-10 10.918

CPE-gb-P Free(+) 0.73851 0.023012 3.116

Chi-Squared: 0.0026156
Weighted Sum of Squares: 0.28771

Fig. 3.7 Equivalent Circuits output filefor the two parallel circuitfit to the measured data of
LaGaIIHMg02O29 at 249°C in air

Due to the nature of the CPE element a higher charge storage, Q, is required, as the

power index decreases, than for a pure capacitor of a characteristic relaxation frequency,

o>o- For this reason the capacitance value for the bulk of the material is taken directly
from the peak in the spectroscopic Modulus plot rather than from the data fit.
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(Fig.3.8) and (Fig.3.9) show the three RCPE sub-circuit fit to the experimental data in

graphical and data formats respectively. While the fit is visually better than the two sub-
circuit analysis the errors of the individual components has increased by an order of

magnitude.

LaGao.8Mgo.2O29

1.00E+06

z
Fig.3.8 Geometry corrected Impedance plane plot of LaGao.8Mgo.2O29 at 249°C in air and the
three parallel circuit fit to the measured data. Units are Qcm.

Rs Rbulk Rbulk2 Rgb

Element Freedom Value Error Error %

Rs Fixed(X) 1 N/A N/A

Rbulk Free(+) 1.1653E6 3.8259E5 32.832

CPEbulk-T Free(+) 2.459E-11 1.127E-11 45.832

CPEbulk-P Free(+) 0.92927 0.077696 8.361

Rbulk2 Free(+) 2.9803E5 2.4759E5 83.076

CPEbulk2-T Free(+) 1.486E-11 4.6442E-12 31.253

CPEbulk2-P Free(+) 0.97515 0.067542 6.9263

Rgb Free(+) 1.3973E6 1.452E5 10.391

CPEgb-T Free(+) 1.99E-9 2.7838E-10 13.989

CPEgb-P Free(+) 0.67698 0.011433 1.6888

Chi-Squared: 0.00058986

Weighted Sum of Squares: 0.063115

Fig.3.9 Equivalent Circuits outputfilefor the three parallel circuitfit to the measured data of
LaGa0,sMgo,202.9 at 249°C in air
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Most notably the bulk response has been divided into two elements of similar magnitude
in terms of charge storage but of higher index power, n. The result this has on the
combined impedance of the two bulk sub-circuits, compared to the bulk impedance
obtained from the previous fit, is negligible and less than the better experimental error of
the previous fit.

Additionally the model still requires another sub-circuit to account for the low frequency

data, at which point the errors exceed the output values with no change in the bulk

impedance.

As the more complicated models, for this and higher temperatures, have no discernable
effect on the bulk impedance values obtained, it was decided to determine only the bulk

response of the material using the Instant Fit program of the Solartron software,

modelling only the high frequency data.

At higher temperatures, around 300°C, the two sub-circuit bulk component collapses
back to one in the more complicated models, and at intermediate temperatures the values
obtained for the low frequency grain boundary responses change by almost an order of

magnitude which indicates the model is wrong. This is hardly surprising as the evolution
of an electrode response can clearly be seen below 10Hz at 270°C, (Fig.3.10), and is
another sub-circuit element that would have to be accounted for.

LaGao.sMgo.2O2.9

1.00&-05
+—272C

-0— 288

0.00&-00

5.00&-04

O.OOE+OO 5.00EHJ4 1.00&-05 1.50&-05 2.00&-05 2.50&-05 3.00&-05

z

Fig.3.10 Geometry corrected Impedance plane plots ofLaGa0 gMgo.2O2.9 with increasing
temperature in air. Units are Qcm.
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(Fig.3.10) also shows that the time constant for the bulk sub-circuit is starting to move

out of range of the Solartron FRA at high frequency, as the resistance of the bulk
diminishes with increasing temperature, reducing the number of data points available for
accurate determination of the bulk response.

Consequently there is a gap in the Arrhenius plot of (Fig.3.11), from 340°C to 475°C,
where it is no longer possible to extract the bulk response from the limited number of
data points until the bulk component has completely moved above the range of the FRA
and become part of the series resistance, Rs. The bulk is then calculated by subtracting
the calibration equation of the jig resistance from the observed series resistance before the

geometric and density corrections are applied.

LaGa0 gMg0 202.g
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3.00E+00

2.00E+00
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Fig.3.11 Arrhenius plotfor LaGao.8Mgo.2O29 in air.
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Above 500°C, and up to and including 600°C, the grain boundary sub-circuit forms the

small high frequency response of the material, (Fig.3.12), which is highly correlated with
the large low frequency electrode response with increasing temperature. The influence of
an inductive element can also be seen at high frequency.

LaGao.8Mgo.202.9

Z"

Fig. 3.12 Geometry corrected Impedance plane plots ofLaGa,, HMg0 2C)2 9 with increasing
temperature in air. Units are f2cm.

The high degree of correlation between the sub-circuits and the fact that the electrode

response is only partially described by the data points makes accurate modelling of this

virtually impossible, however it can be seen that the grain boundary resistance is small

compared to the series resistance, Rs.

At 600°C the grain boundary impedance has diminished at a faster rate than the bulk
resistance which now accounts for over 95% of the total resistance of the material, and

above 690°C, where the grain boundary response moves out of range of the FRA into the
series resistance, the bulk accounts for > 99%.

The series resistance is then taken to comprise of only the bulk impedance of the material
and the temperature dependent jig resistance, in order to calculate the bulk impedance at a

given temperature.

~6



Doped Lanthanum Gallates

The impedance response of the sample at 742°C is shown in (Fig.3.13) along with the
circuit model used to fit the data. Although the impedance response now just shows the
electrode reaction of LaGao.8Mgo.2O2 9, and the influence of the inductive element, it is

necessary to account for the inductive behaviour of the jig to obtain an accurate value of
the series resistance. The effect of the inductance is to reduce the apparent impedance due
to the electrode response and to increase that of the series component by moving the high

frequency intercept with the real axis, Z', to higher values.

LaGao.8Mgo.2O29

Fig. 3.13 Geometry corrected Impedance plane plot ofLaGa,IHMg(l2()29 at 742°C in air with
model circuit insert. Units are Qcm.

The simplified circuit model is justified because accurate values for the electrode

response are not required in the analysis of the materials properties. As long as the results
for the electrode response are reasonable and consistent from one temperature to the next

an accurate value for the magnitude of the inductor and hence the series resistance will be
obtained.

Accounting for the inductive effect becomes more important as the temperature is
increased and the series resistance diminishes. As an example the correction leads to a

reduction in the observed total resistance of the material by some 40% at 1000°C, once

the temperature dependent jig resistance has also been accounted for.
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The ionic conductivity, <Ji, is the product of the charge carrier concentration, n, the

mobility, //, and the charge of the conducting species which for oxide ions is twice the

charge of the electron.

<ri - n(2e)/u

The conductivity in extrinsic crystalline ionic conductors is thermally activated according
to the Arrhenius equation^18':

-E
<j. = A exp -

RT

The activation energy for the ionic conduction process for LaGao.8Mgo.2O2 9 in the
Arrhenius plot of (Fig.3.11) is Ea = 1.07 ±0.02eV.
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3.4 Lao.9Sro.1Gao.8Mgo.2O2.85

This sample, often denoted LSGM, is the most comprehensively studied of the
Lanthanum Gallates. The 10% doping of the Lanthanum A-site with Strontuim introduces
a further reduction in the oxygen content of the perovskite system, increasing the vacancy

concentration, [V"o], to -0.15.

(Fig.3.14) shows the geometry corrected complex impedance response of LSGM at

247°C measured from O.lHz-lMHz. In the previous section the lowest measurable

temperature response was taken to be the one where the real axis intercepted the total
material response (bulk plus grain boundary components) at low frequency. This does not

happen for the LSGM sample at any measured temperature for the frequency range used.

Lao.9Sro.iGao.8Mgo.202.9

1.00B-06

Z

Fig.3.14 Geometry corrected Impedance plane plot ofLaofSrojGaosMgo.2O2.85 at 247°C in air.
Units are flcm.

The impedance is not dominated by the bulk component at low temperature, as it was for

LaGao.8Mgo.2O29; instead the highly correlated grain boundary elements below 10kHz
account for the majority of the observed resistance of the material. This gives the

impedance response a flat and broad appearance compared to that of LaGao.8Mgo.2O2 9

and indicates that the material sinters badly.



Doped Lanthanum Gallates

In the region of 1Hz the response starts to asymptote to the real axis. This feature is

generally seen in ionic conductors at the onset of the electrode response however this

feature cannot be clearly seen until 300°C.

Using the two parallel circuit element fit to the data, (Fig.3.15) it can be seen that the
model fits the high frequency data well, representing the bulk of the material, but the
model obviously becomes more inaccurate with decreasing frequency, as first the high

degree of correlation between the grain boundary and bulk components begins to have an

effect on the impedance response and then at lower frequency the failure of the model to

account for the number of grain boundary components.

Lao.9Sro.1Gao.8Mgo.2O2.85

1.00E+06 -|

-4—247C

-b— Fit result

Z
Fig, 3.15 Geometry corrected Impedance plane plot ofLao.ySi'o. 1Gan HMgn.2O2.H5 at 247°C in air
and the two parallel circuitfit to the measured data. Units are Qcm.

Increasing the number of parallel circuit elements to first three, (Fig.3.16), and then four
to better account for the grain boundary elements significantly improves the overall fit to

the measured data but does not alter the bulk impedance within the experimental error of
the CNLLS fitting program.
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Lao.9Sro.1Gao.8Mgo.2O2.85

1.00E+06 n

—♦—247C

—s— Fit result

Z

Fig.3.16 Geometry corrected Impedance plane plot ofLan fir0 iGa(l nMg0 202« at 247°C in air
and the three parallel circuitfit to the measured data. Units are f2cm.

The same value for the bulk component is obtained by using the Instant Fit program and

selecting only the high frequency data away from the correlated data. More specifically
the data we selected in the spectroscopic plot to symmetrically fit the peak in the
Modulus formalism of the measured data, which occurs at higher frequency than the peak
in the imaginary Impedance and therefore, from the implications of the two sub-circuit
fit, before correlation occurs, (Fig.3.17).

6.00E+05 1.20E+11

frequency
Fig. 3.17 Spectroscopic Imaginary Modulus and Impedance plot with Modulus peakfitfor
Lao.9SrojGaonMgo2O2.85 at 247°C in air.
Z" units: Qcm M" units: F"'cm
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Care was also taken to not include the frequencies close to 1MHz where the Solartron
FRA produces erroneous results as mentioned before.

This course of action was chosen because the number of sub-circuits required to

systematically fit the data at low temperatures produced unacceptable errors in all the
sub-circuit elements, precluding the analysis of the grain boundary responses.

Although data at any one temperature can be easily simulated by four sub-circuits a major
factor in the acceptance of the model is the continuity in the values of the Q and n

parameters for the individual CPE's that comprise the model. This condition does not

restrict the parameters to being fixed over the transition from one temperature to another
as the degree of dispersion in materials has been shown from the earliest introduction of
the CPE by Cole & Cole[19], in their first paper on dispersion and absorption in

dielectrics, to vary with temperature.

Rather the parameters should be a smooth function of temperature themselves in the
absence of phase transitions and/or a change in the conduction mechanism within the
material that constitutes the Impedance.

The difficulty with the LSGM sample, as with LaGao.8Mgo.2O2 9 in the previous section,
arises mainly from the change in the components of the model from one temperature to

the next and the available data points defining each sub-circuit.

Lao.9Sro.1Gao.8Mgo.2O2.85

5000

-♦—361C

Z" 2500

0

0 2500 5000 7500 10000 12500 15000

Z

Fig.3.18 Geometry corrected Impedance plane plot ofLan <f>r0 f]a,, ><Mg0 202.xs at 36I°C in air..
Units are L2cm.
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To highlight the problem (Fig.3.18) shows the complex impedance response at 361°C
where the model should require five sub-circuits to fit the measured data. Although the
bulk impedance cannot be determined from the plot at this temperature, or from
measurements from 270-360°C, at high frequency the high degree of correlation between
the first grain boundary sub-circuit and the bulk is still present in the measured data.

The time constant for the bulk component has not yet moved completely out of range of
the FRA but neither can the bulk sub-circuit be accurately modelled. Excluding the bulk

component from the model and using four sub-circuits would mean that the dispersion of
the bulk would be absorbed into the first grain boundary component, driving up the

magnitude of Q for that grain boundary CPE and reducing n to account for the

broadening of the response over the frequency decades.

This has a knock on effect on subsequent circuits as the CNLLS program tries to optimise
the data fit by re-distributing excess dispersion to CPE's with time constants at lower

frequency to minimise the difference between observed and calculated data. Even

including the bulk component in the simulation of the data yields unsatisfactory results.

Fixing the parameters for the bulk CPE to that of the lower temperatures excludes the

possibility of a change in phase, the conduction mechanism or the evolution of Q and n

of the bulk component with temperature. With the limited number of data sets available at

lower temperature there is no significant change in the parameters for the bulk CPE in
this low temperature region for the prediction of their value at higher temperature.

The parameters would therefore have to remain fixed over the temperature range 281 -

477°C where the high frequency data intercepts the real axis once more as the time
constant for the bulk component moves out of range of the FRA and the bulk impedance

effectively becomes an electrical resistor.

The second problem arises at low frequency with the emergence of the electrode

response. This poses similar problems to the bulk sub-circuit in that the response is

poorly defined, at this and lower temperatures, as its time constant moves into the range

of the FRA with increasing temperature.
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With insufficient data at low frequency for the CNLLS refinement program to work with
the presence of the electrode response only serves to mask the low frequency grain

boundary element, again leading to erroneous assignment of the magnitude of the CPE's

parameters for the grain boundary elements, and hence the magnitudes of the

Impedances.

This problem only arises because of the high degree of correlation between all the

components with only two orders of magnitude separating the capacitances of any two

adjacent sub-circuits from electrode through to bulk responses.

Returning to the measured data (Fig.3.19) shows the change in impedance response going
from 261 to 287°C. The figure shows that the overall shape of the impedance response

does not change over this temperature range and that the bulk time constant is gradually

moving out of range of the FRA.

Lao.gS r0.1 Gao.8Mgo.202.9
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Fig.3.19 Geometry corrected Impedance plane plots ofLa„ <jSr0,Ga,yHMgn 2O2. ss with increasing
temperature in air. Units are Qcm.

The bulk impedance in this low temperature region only accounts for approximately one

third of the total impedance of the material, compared to the majority in

LaGao.8Mgo.2O2 9. Above 287°C the bulk impedance can no longer be extracted from the
measured data and the electrode response, as shown in (Fig.3.18), enters into the low

frequency domain at 300°C.

84



Doped Lanthanum Gallates

From visual inspection alone above 287°C the relative changes in grain boundary and
bulk impedances seems to follow the low temperature trend with the bulk still accounting
for approximately one third of the total impedance.

As with LaGao.8Mgo.202.9 the Arrhenius plot for LSGM shows a gap in the bulk

conductivity data of the material between 290 and 477°C, (Fig.3.20), until the bulk time
constant has moved completely out of range of the FRA and the bulk impedance has
become another series resistance.

Lao.9Sro.1Gao.8Mgo.2O2.85
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Fig.3.20 Arrhenius plotfor La<L 9Sr0 / Gan HMg0 2O2.m airfrom AC impedance data

The bulk impedance is then extracted from the series resistance using the same method as

for LaGao.8Mgo.2O2 9.
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The grain boundary elements now account for the rapidly diminishing single asymmetric
arc in the complex impedance plane plot of (Fig.3.21), which also shows the electrode

response as it changes from a simple Warburg diffusion spike at low temperature to a

fully formed arc at 639°C.

Lao.9Sro.1Gao.8Mgo.2O29

100
o

T

Fig.3.21 Geometry corrected Impedance plane plots ofLa0 gSr0.iGa0.sMgo.2O2.s5 with increasing
temperature in air. Units are Qcm.

The small asymmetric arc at high frequency now no longer requires three sub-circuits to

fully describe the grain boundary response; attempting to use three sub-circuits causes the

fitting program to crash. Consequently the CPE parameters from the two sub-circuit fit to

the measured data at high frequency are markedly different from those at low temperature

as the model tries to absorb the dispersion from the missing CPE element.

The grain boundary response must still be modelled however for the same reason as in
the LaGao.8Mgo.2O2 9 section, namely the high temperature inductive response of the jig
which alters the magnitude of the high frequency intercept.

The grain boundary components also begin to form less and less of the total impedance

response of the material as the temperature is raised, and at high temperature, where only
the electrode response remains within the frequency range of the Solartron, the bulk is
assumed to account for all the material's impedance.
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At low temperature the Arrhenius plot for LSGM is linear resulting in activation energy

for the bulk conduction process of 1.07 ±0.03eV, as it is for the LaGao.8Mgo.2O2 9 sample.

At high temperature however the Arrhenius plot can be seen in (Fig.3.20) to be curved as

the bulk activation energy decreases, and (Fig.3.22) shows how the apparent Ea for the
bulk changes as a function of reciprocal temperature. The data points are produced by

fitting a tangent to the Arrhenius plot at the temperature of interest using data points on

either side.
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Fig.3.22 Change in apparent activation in energy as a function of 1000/T

The plot shows the gradual decrease in activation energy as the temperature is raised
from l.OOeV at 560°C to 0.62eV at 970°C, in line with the report by Huang and Petric^12'
that showed doping with Sr decreased the activation energy for conduction.

Experimental activation energies for this high temperature range have variously been

reported as 0.66eV|201 by DC measurement and 0.79eV'21' by SIMS, while the calculated
value from the computer simulation studies is 0.73eV|14 . A major problem with the

reporting in the literature is that no temperature ranges are specified to define the
boundaries of the parameter fit, and as the Arrhenius plot is slightly curved the tangents

taken to be the slopes corresponding to the Ea of the sample will show a large variation,
whatever the method of determination.

LSGM
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The total conductivity of the sample measured using AC impedance spectroscopy of
0.063Scm"' at 1000K is slightly lower than that reported by Ishihara'21 and deviates
further as the temperature is raised. To accurately determine the total conductivity the

sample was prepared for four-terminal AC measurement using a frequency of 1kHz. The
results are shown in (Fig.3.23) along with Ishihara's experimental data taken from
reference [2].
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Fig.3.23 Arrhenius plotfor La,) <f>r(l iGa0HMg0 2O2.85 in air fromfour terminal AC impedance data
andfrom published literature121.

The four terminal measurements coincide with the results from the two terminal AC

impedance data analysis.

One possible explanation for the deviation from Ishihara's data may be related to the re-

sintering of the LSGM sample, as the stability and thermal history of the Lanthanum
Gallates are strongly intertwined. Although the synthesis procedure is known to influence
the level of impurities present within these materials investigations by X-ray diffraction
have also shown that the prolonged sintering times also play a part in increasing the

impurity concentration.

L30.9S r0.i Gao.8M90.2O2.85
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Djurado and Labeau'6' have reported that sintering LSGM for longer than 6 hours at

1500°C leads to secondary phases within the material, and as the sample was supplied as

pre-sintered powder forming a sinter body in the shape of a disc and re-sintering it may

have led to an increase in the non-ionic conducting content of the material.

This unfortunate, but necessary step, could account for the lower observed conductivity.

Although at ~500°C the bulk component has moved completely out of range of the FRA
the grain boundary response no longer needs three elements to describe the arc in the

impedance plane. The assumption that only the bulk component has moved out of range

of the FRA may not be entirely valid given the high degree of correlation between

components.

Another possibility arises from the platinum paste electrode. A contact resistance
associated with the partial sintering of gold and platinum paste electrodes has recently
been identified by Abram, Sinclair and West'22' on doped lanthanum gallates using AC

impedance spectroscopy in conjunction with Scanning Electron Microscopy.

Islands of electrode formed on heating for prolonged times for both gold and platinum

pastes, which in turn led to an increase in the observed impedance of the sample due to

loss of contact with portions of the sample. Flowever the reproducibility of the results in
this study by four terminal measurements, where the contacts are additionally made by
thin strips of platinum foil, would tend to discount the possibility in this case.

The most likely explanation is that the stoichiometry of the LSGM bulk has changed

slightly during the re-sintering procedure due to the volatility of Ga at high temperature

that is accelerated by Sr doping. The Lanthanum Gallates are very sensitive to even slight

changes in stoichiometry'9'11], which also places strict control requirements on fabrication

procedures.
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3.5 Lao.9Bao.1Gao.8Mgo.2O2.85

The problem of high temperature stability of the Sr doped Lanthanum Gallates with

regard to Ga depletion requires other A-site dopants to be considered. Alkaline earth

doping of the A-site carried out by Stevenson et afi \ showed Ba to be a promising
candidate. Although the initial conductivity reported was lower than that of LSGM other
researchers have reported similar conductivity to that of LSGM for

Lao.9Bao. 1 Gao.8Mgo.202.85[24]-

(Fig.3.24) shows the geometry corrected impedance response of LBGM at 207°C on the
limit of the input impedance of the Solartron 1260 FRA. The high degree of correlation
between the large bulk arc and the distributed grain boundary is absent in this material.
The bulk component is very well resolved indicating that the material has sintered far
better than the LSGM sample.

Lao.9Bao.1Gao.8Mgo.2O2.85
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z
Fig.3.24 Geometry corrected Impedance plane plot ofLao.gBao.iGao.sMg0 202.xs at207°C in air.
Units are f2cm.

The low flat response at low frequency is the result of two heavily correlated grain

boundary components of high capacity, 10~8 and 10~9 Fern"'. The two absent data points
are due to mains frequency resonance at 50Flz and 12.5Hz.
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The three sub-circuit fit to the data is shown in (Fig.3.25) in graphical format and in

(Fig.3.26) the Equivalent Circuits model and the element-fit data.

Lao.9Bao.1Gao.8Mgo.2O2.85
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□ Fit result

0.00E+00

0.00E+00 1.00E+06 2.00E+06 3.00E+06
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Fig.3.25 Geometry corrected Impedance plane plot ofLao.9Bao.1Gao.sMgo2O2.85 at207°C in air
with three parallel circuitfit to the measured data. Units are L2cm.

R1 R2 R3 R4

Element Freedom Value Error Error %

R1 Fixed(X) 1 N/A N/A

R2 Free(+) 2.4766E6 19341 0.78095

CPE1-T Free(+) 1.531E-11 4.5201 E-13 2.9524

CPE1-P Free(+) 0.87931 0.002413 0.27442

R3 Free(+) 1.0522E6 1.05E6 99.791

CPE2-T Free(+) 5.1078E-7 2.4755E-7 48.465

CPE2-P Free(+) 0.58182 0.39449 67.803

R4 Free(+) 1.1347E6 4.9865E5 43.946

CPE2-T Free(+) 2.2611E-8 6.0154E-9 26.604

CPE2-P Free(+) 0.6691 0.073124 10.929

Chi-Squared: 0.0007812
Weighted Sum of Squares: 0.089838

Fig.3.26 Equivalent Circuits outputfilefor the three parallel circuitfit to the measured data of
Lao.9Bao.1Gao.sMgo.2O2.85 at 207°C in air
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The model struggles to assign impedance contributions to the highly correlated grain

boundary components at this low temperature but fits the bulk well.

Although the output file from the Equivalent Circuits CNLLS program shows the errors

on fit to the bulk sub-circuit to be small visual inspection of (Fig.3.25) shows the fit of
the high frequency side of the arc to deviate from the measured data. This again is due to

using data points of too high a frequency in the raw data, where the FRA runs out of

calibration, for the fit analysis.

This is shown most clearly in the spectroscopic plot of the Modulus formalism of

(Fig.3.27), The slight asymmetry of the Modulus peak at high frequency caused by the
FRA affects the fit to the Modulus peak and therefore the fit in the complex Impedance

plane. Consequently the data analysis for the rest of the temperatures measured was

limited to 100 kHz.

Lao.gBao.i Gao.8Mgo.2O2.85

frequency (Hz)

Fig.3.27 Spectroscopic Imaginary Modulus and Impedance plot with three parallel circuitfit
forLao.9Bao.1GaoxMgo.2O2.85 at 207°C in air.
Z" units: Qcm M" units: F"'cm
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The loss of a decade of frequency is inconvenient, especially at higher temperatures

where the bulk time constant moves out of range of the FRA, but more manageable when
the sub-circuit response of the bulk is not as highly correlated to the grain boundary

responses.

Unfortunately the grain boundary responses could not be accurately modelled over even a

small temperature range. With increasing temperature the low frequency data showed no

signs of intercepting the real axis. Instead the degree of correlation extended to lower

frequencies in relation to the time constants of the grain boundary responses moving to

higher frequency with increasing temperature.

(Fig.3.28) shows impedance response of LBGM at 231°C and the extension of the grain

boundary response at 256°C, which itself is highly correlated to the electrode response of
the material.

Lao.9Bao.1Gao.8Mgo.2O2.85
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Fig.3.28 Geometry corrected Impedance planeplost ofLa0 gBao_1Gao.sMgo.2O2.85 with increasing
temperature. Units are Qcm.

The very low n parameters for the grain boundary CPE's of (Fig.3.26) are probably due
to ionic diffusion along the grain boundaries, but as the analysis of the grain boundary

components proved unsuccessful nothing concrete can be read into the obtained values.
The analysis of LBGM was therefore reduced to the analysis of the bulk component only
at low temperature, using the Instant fit routine of the CNLLS software as for the LSGM

sample.
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As the bulk time constant moved out of range of the FRA the high frequency data

intercepted the real axis, (Fig.3.29), within a very short temperature range, allowing the
bulk component to be extracted from the series resistance without a significant loss in
data in the Arrhenius plot.

Lao.9Bao.1Gao.8Mgo.2O2.85
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♦ 321C
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Fig.3.29 Geometry corrected Impedance plane plots ofLa0,ijBa0 jGanxMgo.2O2.85 with increasing
temperature. Units are Qcm.

Additionally, as the temperature increased, the grain boundary component became

slightly more distinct from the electrochemical reactions, changing from a low broad
feature requiring two poorly fitted sub-circuits to account for the response at 300°C to a

well defined arc at 370°C, described by a single R-CPE element, although still with a

high degree of correlation at low frequency.

Though the absence of the bulk component doubtless added to the definition of the grain

boundary response, freeing up the high frequency end of the spectrum for analysis, the
formation of the single arc corresponding to the grain boundary component coincided
with the decrease in the grain boundary impedance compared to that of the bulk and
electrode reactions.

This allowed the grain boundary to be accurately modelled over a short temperature range

of some 120 degrees.
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(Fig.3.30) shows the graphical fit to the measured data at 450°C and (Fig.3.31) the

parameter fit to the model.

Lao.gBao.i Gao.8Mgo.2O2.85

3.00E+02

1.00E+02

-1.00E+02

♦ » m •
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□ Fit result —

»

« 1

8.00E+02 ♦ 1.10E+03 1.40E+03 1.70E+03 2.00E+03

Fig.3.30 Geometry corrected Impedance plane plot ofLao.9Ban.1Gao.8Mgo.2O2.85 at 450°C in air
with thefit to the measured data Units are f2cm.

L1

-G3XD-
R1 R3 R4

V
CPE1

R2

'V
CPE1

Element Freedom Value Error Error %

L1 Free(+) 1 2824E-5 1.6378E-7 1.2771

R1 Free(+) 905.8 4.2057 0.46431

R3 Free(+) 441.5 9.2455 2.0941

CPE1-T Free(+) 5.5959E-8 3.3041 E-9 5.9045

CPE1-P Free(+) 0.79365 0.0063839 0.80437

R4 Free(+) 571.3 62.986 11.025

CPE1-T Free(+) 0.0002595 2.7763E-5 10.699

CPE1-P Free(+) 0.32534 0.019854 6.1025

R2 Free(+) 11270 42379 376.03

CPE1-T Free(+) 0.0046132 0.00033114 7.1781

CPE1-P Free(+) 0.51908 0.075756 14.594

Chi-Squared: 2.0202E-5
Weighted Sum of Squares: 0.002606

Fig.3.31 Equivalent Circuits outputfilefor the three parallel circuitfit to the measured data of
Lao.i)Bao.,Gao.8Mgo.202.85 at 450°C in air
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This information was only used to monitor the rate of change of the grain boundary

impedance compared to the bulk, so that by the time the grain boundary time constant

moved out of range of the FRA at 650°C its impedance was less than 10% of that of the
bulk impedance.

The result of the bulk component being more distinct for LBGM is that there is no

significant gap in the bulk data of the Arrhenius plot of (Fig.3.32), There is also no total

conductivity data included due to the inability to model the grain boundary over a

significant temperature range.

Lao.9Bao.1Gao.8Mgo.2O2.85
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Fig.3.32 Arrhenius plotfor La„ gBa0 /Gag.xMgo 2O2.85 in airfrom AC impedance data

The Arrhenius plot can be seen to be linear at low temperature and curved above 500°C.
The low temperature linear section, using data up to and including 400°C, has an

activation energy of 1.04 ±0.02eV, only slightly lower than that of LSGM and

LaGao.8Mgo.2O2.9-
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The activation energy for the bulk conduction process at high temperature is also plotted
as a function of 1000/T in (Fig.3.33), on the same scale as that for the LSGM sample of

(Fig.3.22) for comparison.

LBGM

1.2

1

0.8

0.6

0.4

0.2

.. *AA A * *

0.8 0.9 1 1.1 1.2

1000/T

Fig.3.33 Change in apparent activation energy as a function of 1000/T

The plot shows that the activation energy for ionic conduction in the Ba doped sample
has already started to decrease at a much lower temperature than the Sr doped sample,
while the two samples end up with similar activation energies of ~0.6eV at 950°C.
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3.6 La0.8Sr0.2Ga0.8Mg0.n5Co0.085O2.80

In trying to enhance the ionic conductivity of LSGM further Ishihara et al turned to

transition metals to increase the mobility of the conducting species. Although transition
metal doping is used commonly to improve electronic conduction in ceramics due to the
variable oxidation states of these species it was found that the electronic contribution
could be suppressed while increasing the ionic component by keeping the dopant level to

a minimum.

The range of transition metal co-doped LSGM samples investigated by Ishihara et al^
also included Fe, Ni, Cu and Mn as well as Co, with the total doping on the B-site kept at

a constant 20%. A range of samples were therefore made with composition

Lao.8Sro.2Gao.8Mgi-xMx03_5.

The study mainly focused on the conductivity as a function of the partial pressure of

oxygen by four terminal DC measurements from which it was concluded that Fe and Co
showed significant ranges of p(C>2) independent conductivity, indicating almost total ionic

conductivity at elevated temperatures (1223K).

The cobalt doped specimens showed the highest total electrical conductivity, with

samples doped at less than 10% having ionic transport numbers, (Jj >0.95. Increasing the

dopant level beyond 10% on the B-site raised the total conductivity but the ionic transport

number decreased significantly, negating the use of this material as an electrolyte. The

optimum cobalt doping level was considered to be for x = 0.085 where the a, remained

high enough for electrolyte applications.

In order to determine the oxidation state of the Cobalt, Ishihara used Electron Spin
Resonance and observed only one sharp peak corresponding to the divalent ion. Although
the trivalent state is inactive to ESR the magnitude of the signal confirmed that the ions

doped into the sample were solely Co2+.
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Dense discs of La0.8Sr0.2Ga0.8Mg0.115Co0.085O2.80, designated Co-LSGM, were synthesized

by Ishihara et al at the University of Oita in Japan and sent to St. Andrews for
examination by AC impedance spectroscopy. The aim was to investigate the extent of the
electronic conduction regime at lower temperatures, (Fig.3.34), and the transition through
the mixed ionic-electronic conduction parallel pathways, (Fig.3.35), to ionic dominated

conductivity which then determines the lowest operating temperature for the fuel cell

using this material, and to determine the activation energy for the ionic conduction

process at potential fuel cell operating temperatures.
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Fig.3.34 Geometry corrected Impedance plane plots ofLa0.sSr0 iGao^Mgo115Coo.os5O2.80 it the
electronic domain in air Units are Qcm.
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Fig.3.35 Geometry corrected Impedance plane plots ofLa0nSr0,2GaasMg0115Co0.0s5O2.80 it the
mixed ionic-electronic domain air Units are Qcm.
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3.7 Results and Discussion

(Fig.3.36) shows the geometry corrected complex plane impedance response of Co-
LSGM at 34°C. The high surface area to width ratio of the tape cast disc made
measurements down to room temperature possible with this sample, although 34°C was

the first temperature at which the low frequency data intercepted the real axis.

Lao.sS ro.2Gao.8Mgo.i 15C O0.0s5O2.80
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Fig.3.36 Geometry corrected Impedance plane plot ofLa0.sSr0.2Ga0.sMg0.n5Co0.085O2.80 in air at 34°C.
Units are £2cm.

Below this temperature the input impedance of the FRA is exceeded, resulting in

significant low frequency scatter, although the majority of the data is still present.

The low broad appearance of the spectra is surprising considering the relatively high

density of the disc.

Usually in samples with greater than 95% theoretical density the impedance response

gives two very distinct arcs in the complex impedance plane plot; one due to the bulk of
the material and the second of much lower time constant, distinctly separated from the
bulk in terms of frequency, due to well sintered grains with very little space between each
other.
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This is clearly not the case for the tape cast disc implying that the free volume within the
material is concentrated in pockets between some of the grains, resulting in an element(s)
of intermediate time constant that appears to dominate the impedance response.

The evidence for localised free volumes within the material can be seen in the SEM

image of (Fig.3.37) taken before the AC impedance experiments carried out in air.

Fig.3.37 SEM image ofLa,):iSro 2GaOHMgo /15C00.085O2.80 before AC impedance in air
Magnification x5,000

The micrograph shows large regions of space between some of the grains, the dark areas

on the image, which will have a low capacitance associated with their impedance

response due to a large capacitor plate spacing, d, as well as more conventional grain
boundaries from a well sintered material with low d and high capacitance.

Both types of grain boundary will vary statistically about a mean value giving rise to two

constant phase elements to account for the statistical distribution, one of high capacitance

compared to the bulk of the material and one of intermediate capacitance.
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The evolution of the complex impedance response with increasing temperature is shown
in (Fig.3.38) showing the basic shape of the response is maintained as the temperature is
increased.
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Fig.3.38 Geometry corrected Impedance plane plots ofLaoxSruiGaoxMg,,;15C00.085O2.80 in air
with increasing temperature Units are Qcm.

The gradual movement of the gap in the data, caused by the removal of the 50Hz resonant

frequency spike, can clearly be seen as the time constants of all the components move to

higher frequency with increasing temperature.

The total response is composed of three highly correlated R-CPE sub-circuits comprising
the bulk and two grain boundary elements. The initial fit using this model is shown in

(Fig.3.39) in graphical format and in (Fig.3.40) the output data from the fit analysis is
shown.
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La0.8Sr0.2Ga0.8Mg0.115Co0.085O2.80

T

Fig.3.39 Geometry corrected Impedance plane plot ofLa0HSrll2Gai)HMgu tisCoo oxsOi.xo in air at
34°C with three parallel circuitfit to the measured data. Units are Gem.

As with the LBGM sample the high frequency data range is excluded from the fit analysis
due to the calibration problems of the FRA above 1MHz.

Rs Rb Rgb1 Rgb2
V V - wss \z —

j CPEb T3rJ
Element

—) y~—-

Freedom

7 ?

Value

7 ?

Error Error %

Rs Fixed(X) 1 N/A N/A

Rb Free(+) 2.8556E6 2.6116E5 9.1455

CPEb-T Free(+) 1.4223E-11 1.7412E-12 12.242

CPEb-P Free(+) 0.90445 0.015318 1.6936

Rgb1 Free(+) 6.4333E6 1.4456E6 22.471

CPEgb1-T Free(+) 3.5394E-9 6.2214E-10 17.578

CPEgb1-P Free(+) 0.68683 0.051794 7.541

Rgb2 Free(+) 4.796E6 1.527E6 31.839

CPEgb2-T Free(+) 3.7975E-10 1.4451E-10 38.054

CPEgb2-P Free(+) 0.76995 0.069613 9.0412

Chi-Squared: 0.00027557

Weighted Sum of Squares: 0.022321

Fig. 3.40 Equivalent Circuits outputfilefor the three parallel circuitfit to the measured data of
hag gSrg^Gao,sMgojisCoo o8502.8o in oir at 34°C
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The errors on the initial analysis of (Fig.3.40) are quite high and are in most part due to

the loss of the high frequency data above 100kHz for the bulk component, and the high

degree of correlation of the grain boundary elements.

At this low temperature the use of only two grain boundary elements does not quite fit the

degree of dispersion caused by the grain boundary response, signified by the very low n

parameters for the two grain boundary CPEs. The model is trying to describe what is

probably a four element response to a three element model, however as the temperature is
increased only slightly the three R-CPE sub-circuit describes the response more

accurately and is seen as justification for using the three element fit throughout.

The four element fit to the data at very low temperature adds an extra degree of

complexity to the model and drives up the errors. The increase in temperature causes the
fourth element to become part of the symmetrical distribution of frequencies of the other
two grain boundary components, rather than a distinct entity with its own frequency

dispersion.

By the time the temperature has reached 100°C the model fit to the data is very good.

(Fig.3.41) shows the fit to the measured data at 108°C. The bulk component has now

become more correlated with the low capacitance grain boundary element and is

beginning already to move very slowly out of range of the FRA.

La0.8Sr0.2Ga0.8Mg0.115Co0.085O2.80
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Fig.3.41 Geometry corrected Impedance plane plot ofLao.sSrojGao.sMgo.,/5C.O0M5O2.x0 in air at
108°C with three parallel circuitfit to the measured data. Units are Qcm.
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The spectroscopic fit to the data at 108°C is shown in (Fig.3.42) and the output file from
the CNLLS fitting program in (Fig.3.43).

La0.8Sr0.2Ga0.8M90.115CO0.085O2.80

3.00B-05 : r 1.40E+11

frequency (Hz)

Fig.3.42 Spectroscopic Imaginary Modulus and Impedance plot with three parallel circuitfitfor
La0 sSro 2Gaij >iMg(i tISCo0.085O2.80 at 108°C in air.
Z" units: Qcm M" units: F"'cm

The Modulus formalism of the data shows the fit to the bulk response is good while the
low frequency imaginary impedance data begins to highlight the deviation of the model
from the measured data. This is due to the electrode response moving into range of the
FRA even at this low temperature.
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Rs Rb Rgb1 Rgb2
vv v —

CPEb rcjgj
Element

7 )

Freedom

7 /

Value

7 /

Error Error %

Rs Fixed(X) 1 N/A N/A

Rb Free(+) 3.4656E5 22890 6.6049

CPEb-T Free(+) 2.997E-11 3.6729E-12 12.255

CPEb-P Free(+) 0.87305 0.012676 1.4519

Rgb1 Free(+) 3.1629E5 31410 9.9308

CPEgb1-T Free(+) 9.7327E-9 5.4849E-10 5.6355

CPEgb1-P Free(+) 0.80804 0.019946 2.4684

Rgb2 Free(+) 7.1882E5 52629 7.3216

CPEgb2-T Free(+) 1.442E-9 2.4675E-10 17.112

CPEgb2-P Free(+) 0.67923 0.023462 3.4542

Chi-Squared: 3.9297E-5

Weighted Sum of Squares: 0.0032617

Fig. 3.43 Equivalent Circuits outputfilefor the three parallel circuitfit to the measured data of
LaofrojCaouMgoi isCoyofisOjiio in air at 34°C

As the bulk component becomes more correlated to the grain boundary response so the Q
and n parameters of the bulk CPE have changed in the output file of the Equivalent
Circuits program of (Fig.3.43), The power index, n, has decreased as the dispersion of the
bulk overlaps that of the low capacitance response of the grain boundary, driving up the

charge, Q, of the bulk to compensate. The model can no longer distinguish between the

capacitance due to the bulk and that of the low capacitance grain boundary element.

The model had no constraints applied until the bulk component moved completely out of
the range of the FRA at 300°C, and above 130°C the model was extended to four R-CPE
elements include the electrode response of the material.
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As the temperature was steadily increased, (Fig.3.44), the electrode response developed
further and the grain boundary impedances rapidly diminished.

Lao.8Sro.2Gao.8Mgo.i 15Coo.os5O2.80

♦ 155°C

0.00E+00 1.50E+05 3.00E+05 4.50E+05

z*

Fig.3.44 Geometry corrected Impedance plane plots ofLa(, HSr„ iGan HMgfl n5Con ossO2.so in air
with increasing temperature Units are Hem.

By 230°C the bulk accounts for the majority of the impedance of the material. With the
time constants of the grain boundary responses moving to higher frequency faster than
that of the bulk the degree of correlation for all three material responses would seem to

make accurate determination of the bulk response more difficult. However, as the

impedance of the grain boundaries diminish, so more of the bulk accounts for the
observed frequency distribution and actually improves the accuracy of the fit to the bulk
data compared to lower temperatures.

This see-sawing of the parameters of the individual elements of the model to the
measured data turned out to be a recurring theme throughout the measured temperature

profile, especially as one element moved into the frequency range of the FRA or another
moved out.
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(Fig.3.45) shows the complex plane impedance plot of the measured data at 195°C and
the CNLLS fit, while (Fig.3.46) shows the spectroscopic plot.
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Fig.3.45 Geometry corrected Impedance plane plot ofLao.gSr02GaonMg0j 15C00.0H5O2.80 in air at
195°C with fourparallel circuitfit to the measured data. Units are f2cm.
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Fig.3.46 Spectroscopic Imaginary Modulus and Impedance plot withfour parallel circuitfitfor
La0_sSr0.2Ga0.8Mg0.n5Co0.085O2.80 at 195°C in air.
Z" units: Qcm M" units: F"'cm
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The model used consists of three R-CPE elements describing the bulk and two grain

boundary responses as well as a fourth R-CPE, R1-CPE1, element to account for the

electrode response as shown in the output file of the Equivalent Circuits program in

(Fig.3.47).

Rb
^ A A

Rgbi
^ A A

Rgb2
^ A -A-

R1
A A A

r^TT^T ny i

Element Freedom Value Error Error %

Rs Fixed(X) 1 N/A N/A

Rb Free(+) 42229 11525 27.292

CPEb-T Free(+) 2.7345E-11 9.6493E-12 35.287

CPEb-P Free(+) 0.925 0.046536 5.0309

Rgbi Free(+) 13286 4789.6 36.05

CPEgb1-T Free(+) 1.1501E-8 3.5465E-9 30.836

CPEgb1-P Free(+) 0.94692 0.073901 7.8044

Rgb2 Free(+) 79645 18533 23.27

CPEgb2-T Free(+) 3.0761 E-9 1.4756E-9 47.97

CPEgb2-P Free(+) 0.66244 0.06951 10.493

R1 Free(+) 1.676E5 34197 20.404

CPE1-T Free(+) 1.4058E-5 1.2037E-6 8.5624

CPE1-P Free(+) 0.13326 0.0080917 6.0721

Chi-Squared: 9.7017E-5

Weighted Sum of Squares: 0.012418

Fig. 3.47 Equivalent Circuits output filefor thefour parallel circuitfit to the measured data of
Lao^Srn 2Gao.i<Mgo 115C00 0S5O2.80 in a'r 34°C

While the fit to the data appears visually very good in (Fig.3.45 & 3.46) the errors from
the CNLLS software are quite large. If we compare the Q and n parameters for the bulk
element of (Fig.3.47) to those obtained in (Fig.3.40 & .3.43) we can see that the charge
has passed through a maximum value at ~110°C and is now beginning to reduce again
while the power index has passed through a minimum and is rising once more.

In other words, as the bulk response has become highly correlated with the grain
boundaries close to 100°C and the bulk CPE has become parasitic, absorbing some of the

dispersion of the low capacitance CPE. The grain boundary parameters also display this
erratic behaviour and the CNLLS program cannot distinguish by itself the contributions
from each.
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In order to overcome this problem only the peak in the Modulus formalism,

corresponding to the dispersion of the bulk capacitance, was fitted at low temperature and
then the results reintroduced to the model. This was the first constraint placed upon the
model.

Initially the bulk R-CPE element remained fixed, but once the grain boundary elements
had obtained a statistical minimum value in the CNLLS fit the model was allowed

freedom to find an overall minimum value. This process was repeated to see if there was

any deviation in the global minimum of the CNLLS fit. Above 110°C the electrode

response, not shown, was also included in the analysis.

(Fig.3.48) shows how the Q parameters of the three CPE elements varied after the initial
constraint placed upon the model. Although there is significant scatter at some points in
the data the general trend of the Q parameters can be seen.
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Fig.3.48 Variation in Q parameter with temperature from thefitted data, after the initial constraint
imposed on the model.

A fourth order polynomial fit to the observed trends in the charge storage data was then
taken as the starting point for the next constraint placed on the model.
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The Q parameter of the data then began as the only fixed parameter while the rest of the
model was allowed to reach a minimum value. Only then did the whole model achieve
freedom to find the global minimum.

The results for the Q parameters of the Constant Phase Elements obtained using this

procedure are shown in (Fig.3.49).
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Fig.3.49 Variation in Q parameter with temperature from thefitted data, after the second constraint
imposed on the model.

Although the grain boundary elements still show deviations from a smooth trend with

increasing temperature the bulk component is modelled very well. The problem with the

grain boundary elements arises because of the similarity in magnitude of the time
constants for the grain boundary elements.

The higher degree of correlation between these two elements is highlighted by the result
of the n parameter fit to the data of (Fig.3.50).
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Coincident in the deviations of the Q parameter with temperature of (Fig.3.49) the power

index, n, plotted as a function of temperature to the same scale in (Fig.3.50), seems to be
more sensitive to the departure from the model.
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Fig.3.50 Variation in n parameter with temperature from thefitted data, after the second constraint
imposed on the model.
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The degree of correlation between the grain boundary elements is very evident in this

graph, showing how the elements trade dispersion with one another.

The region of high correlation at the two lowest temperatures corresponds to the lack of

frequency points defining the high capacitance grain boundary element, gb2. Although
the low frequency data intercepts the real axis on the scale of the impedance plot there are

very few points defining the low frequency arc near the intercept, as the gb2 sub-circuit
has only just come into range of the FRA. This has the effect of lowering the n parameter

for both of the remaining CPEs, the bulk and gbl.

Most importantly the bulk shows a smooth, continuous trend in both the Q and n

parameters at subsequent temperatures.
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(Fig.3.51) shows the complex plane plot at 69°C and the fit to the data and (Fig.3.52) the

output file of the Equivalent Circuits program.

La0.8Sr0.2Ga0.8Mg0.115Co0.085O2.80

0.00E+00 8.00E+05 1.60E+06 2.40E+06 3.20E+06 4.00E+06 4.80E+06

z

Fig.3.51 Geometry corrected Impedance plane plot ofLaofiSrojGao.sMgo. /15Coo.os5O2.so in air at
195°C with three parallel circuitfit to the measured data after second constraint.
Units are Qcm.

Rs Rb Rgb1 Rgb2
vv~ y v v —

CPB) reer LirJ
Element

^ )

Freedom

7 ?

Value

7 /

Error Error %

Rs Fixed(X) 1 N/A N/A

Rb Free(+) 9.3849E5 74690 7.9585

CPEb-T Free(+) 2.2706E-11 3.0555E-12 13.457

CPEb-P Free(+) 0.88284 0.015422 1.7469

Rgb1 Free(+) 1.1997E6 1.752E5 14.604

CPEgb1-T Free(+) 7.3768E-9 7.0045E-10 9.4953

CPEgb1-P Free(+) 0.7583 0.027808 3.6672

Rgb2 Free(+) 2.0613E6 2.3795E5 11.544

CPEgb2-T Free(+) 9.2046E-10 1.9816E-10 21.528

CPEgb2-P Free(+) 0.69374 0.033058 4.7652

Chi-Squared: 6.4527E-5

Weighted Sum of Squares: 0.0049686

Fig.3.52 Equivalent Circuits outputfilefor the four parallel circuitfit to the measured data of
La0.tiSr0.2Ga0.xMg0.115Co0.085O2.80 in air at 34°C after the second constraint
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While the improvement is only marginal in most cases, and slightly worse in another few
where elements enter and leave the range of the FRA, the model is consistent for the bulk

component and taken to be accurate within experimental error for the bulk response of
the material.

The modulus plot for 69°C is shown in (Fig.3.53) and shows that the model deviates

slightly at low frequency in the Impedance formalism. The Modulus formalism also

highlights the importance of the loss of a decade of frequency to the fitting of the bulk
data.
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Fig.3.53 Spectroscopic Imaginary Modulus and Impedance plot with three parallel circuitfitfor
Lao.8Sro.2Gao.8Mgo.n5Coo.085O2.80 ft 195°C in air after the second constraint.
Z" units: Qcm M" units: F"'cm

The inability to fit the high frequency side of the peak in the spectroscopic plot will

obviously introduce a small error on the Q and n parameters of the bulk CPE, however
from trials conducted on the low temperature range up to 200°C the error on the

Impedance this causes is less than 15%, and is therefore seen to be acceptable given the
errors on the fit.
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For the grain boundary components the high degree of correlation of the constant phase
element parameters means the impedance values obtained cannot be attributed accurately
to each of the resistors in their respective sub-circuits.

The Arrhenius plot for the temperature range 34-85°C is shown in (Fig.3.54), The plot
shows the bulk conductivity varies linearly as a function of 1000/T in the low

temperature region with an activation energy of 0.34 ±0.02eV.

The plot also shows how the total grain boundary conductivity follows a linear trend. The
individual conductivities of gbl and gb2 are also shown to illustrate the results from the
fit analysis. Although the trends for these two components are linear in this range, despite
the oscillations in the CPE parameters, the data is to be taken as unreliable and plotted as

open circles with only the total grain boundary response taken to be accurate.
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Fig.3.54 Arrhenius plotfor La0>frn2Ga„nMg(l, 15Coo.085O2.so "J airfrom AC impedance data at
low temperature
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As shown in (Fig.3.44) the bulk response begins to dominate the impedance of the
material above 175°C, accounting for 90% of the resistance by 270°C.

(Fig.3.55) shows the impedance response at 303°C where the model begins to collapse
due to lack of data at high frequency defining the bulk response. The grain boundary

response shows as the small bump in the data at 1.30E+4 on the complex plane

impedance plot, with the bulk forming the arc to the left at high frequency, and the

complex electrode responses to the right at low frequency.

La0.8Sr0.2Ga0.8Mg0.115Co0.085O2.80

6.00E+03

3.00E+03

0.00E+00

♦ 303°C

7.00E+03 1.00E+04 1.30E+04 1.60E+04 1.90E+04 2.20E+04 2.50E+04

z

Fig.3.55 Geometry corrected Impedance plane plot ofLao.&3r0.2Ga0.sMgo., 15C00.085O2.80 in air at 303°C.
Units are Gem.

The bulk was estimated at this temperature from the curvature of the high frequency arc

and the known rate of change of the total grain boundary response, with increasing

temperature, from previous fit results. This method was employed for the next 50 degrees
which was as long as data representing the bulk component remained in range of the
FRA.

At subsequent temperatures, once the bulk moved out of range of the FRA at 360°C, the

response intercepted the real axis once more at high frequency. The bulk impedance was

then taken from the series resistance of the complex plane plot.
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The complex plane plot then consisted of only the small remnant of the grain boundary

response highly correlated to the electrode response of the sample.

As with the previous samples the electrode response was modelled at higher temperatures

to determine the accurate series resistance of the material by accounting for the
inductance of the jig. The bulk is then considered to account for >99% of the total

impedance of the material which lies above the high frequency intercept.

The Arrhenius plot for the entire temperature range measured is shown in (Fig.3.56), The

plot shows the linear region below 280°C where the Co doped LSGM sample is an

electronic conductor, Ea = 0.34 ±0.02eV, and the transition to dominant ionic conduction

at ~290°C, Ea - 0.83 ±0.03eV.
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Fig.3.56 Arrhenius plotfor LaosSro.2Gao.sMgoj15Coo.085O2.80 in air from AC impedance data

The maximum conductivity at 950°C obtained for this sample is O.llScnT1 compared to

the 0.4Scm_1 at 950°C obtained by Ishihara[13].
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The lower value of conductivity was initially attributed to experimental error, but upon

re-examination of the disc by SEM (Fig.3.57), after the AC impedance experiments had
been carried out, it was found that the material had undergone drastic thermal ageing.

Fig.3.57 SEM image ofLa0.sSr0.2Ga0.8Mg0.j15Co0.085O2.80 after AC impedance in air
Magnification x4,000

Prolonged exposure to high temperature, ~12 hours at 1000°C, appears to have resulted in
the volatisation of a gas from the grains giving the sample a shotgun blast appearance.

The well-sintered grain boundaries evident in (Fig.3.37) have also become indistinct due
to an in-fill of material, while the free-volume regions have been reduced in size.
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3.8 Conclusions

The doped Lanthanum Gallates unquestionably exhibit very high oxide ion conductivity
but pose serious problems concerning thermal and redox stability. The vaporisation of Ga
under reducing conditions at high temperature, especially from the Sr doped phases,
necessitates lower SOFC operating temperatures, which coincides with the goal of

reducing manufacturing costs by placing less materials restrictions on the fabrication of
the other fuel cell components.

However, the lower conductivity values obtained from the AC impedance studies in this
work for the re-sintered LaGao.8Mgo.2O2 9 and Lao.9Sro.1Gao.8Mgo.2O2.85 samples highlight
the tightly controlled synthesis procedures required for consistent electrolytes to be
manufactured. This will in turn increase the manufacturing costs of an SOFC employing
these materials as electrolytes, while the thermal decomposition of the Co doped sample
with the highest conductivity, at the modest temperature of 1000°C, would seem to

preclude its use as a high temperature electrolyte altogether.

The most promising Lanthanum Gallate electrolyte would therefore seem to be the Ba

doped sample which seems to be thermally stable and has not been reported as having

significant Ga depletion upon reduction.

The AC Impedance studies carried out in this body of work have found the activation

energies for the conduction process at intermediate temperatures in the LaGao.8Mgo.2O2 9

and Lao.9Sro.1Gao.8Mgo.2O2.85 samples to be the same within experimental error, 1.07

±0.02eV and 1.07 ±0.03eV respectively. Therefore there is no increase in the mobility of
the oxide ions on doping with Sr and the increase in conductivity is solely due to the
increase in oxygen vacancy concentration that substituting Sr2+ for La3+ brings about.

Doping with Ba appears to lower the activation energy slightly, 1.04 ±0.02eV, probably
due to the larger size of the Ba2+ ion compared to Sr2+ and La3+ and the resultant

expansion of the unit cell, facilitating oxide ion mobility. However the conductivity of the
Ba doped sample at operating temperature is lower than that of the Sr phase.
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Both phases contain the same number of oxygen vacancies as made but the Ba doped

phase exhibits a change in the conduction mechanism, characterised by the lowering of
the activation energy in the Arrhenius plot (Fig.3.58), at a lower temperature than the Sr

sample. This leads to a lower conductivity at higher temperatures for the Ba phase and is
a perennial problem with high temperature, semiconductor conductivity.
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Fig.3.58 Arrhenius conductivity plotsfor La0 ,,Srn 1Gao.sMgo.2O2.85 and Lao.9BaojGao.sMgo.2O2.85.

On the one hand a low activation energy implies higher mobility of the conducting

species but leads to smaller overall changes in conductivity with increasing temperature,

while a high activation energy gives a larger increase in conductivity as the temperature

is raised. The low Ea path to semiconductor design enables the material to be used over a

larger temperature range if its conductivity is sufficiently high, whereas the high Ea can

give a higher conductivity in a restricted range at high temperature.

In this case the Sr doped phase seems unsuitable for high temperature use and further
attention should be paid to the Ba system. In particular the structural changes in the

doped Lanthanum Gallates, as the system heads towards cubic symmetry with increasing

temperature (unpublished work by the JTSI research group), seems to tie in with the
observed changes in conduction from AC Impedance for the Ba and Sr doped samples.
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The role of Ba in this system and its influence on the structure therefore warrants further

investigation.

The thermal instability of the Co doped phase precludes its use at high temperature as an

electrolyte in an SOFC but it may still have a role to play in intermediate temperature

SOFC fuel cells, either as electrolyte or, more likely, as a cermet in the anode similar to

Ni/YSZ if the ionic transport is not high enough at low temperature for use as an

electrolyte.

The low activation energy for ionic conduction in this system, 0.83eV, requires structural

investigation to elucidate the role of the Co dopant. Does the structure differ from that of
LSGM and LBGM or is the variability in the oxidation state of the Co ion responsible for
the lower activation energy?

Finally it would be interesting to see if the Ba analogue of this material underwent such

catastrophic degradation at high temperature, and this is a possible line of investigation
for future work in this system.
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4.1 Synthesis

Powder Preparation

High purity metal oxides of Mn, Ti, Nb, La and carbonates of Sr and Ba obtained from

Aldrich, >99.9% pure, were initially heated at 300°C for three or more hours in porcelain
crucibles to remove water and adsorbed gases. Lanthanum Oxide, which is extremely

hygroscopic, required heating to 700°C in an alumina crucible prior to accurate weighing.

Although the assay of the carbonates assured the purity of the metals, and powder X-ray

patterns indicated phase purity, it was found by Thermogravimetric Analysis ( TGA ) of
the supplied powders that the weight loss upon heating to a temperature of 1100°C in Ar

corresponded to only -98% carbonate. A correction to the molecular weight was made

assuming only metal oxide was left after treatment, with the unaccounted mass being due
to either hydroxides or oxides of the metals.

The powders were then weighed in the appropriate stoichiometric ratios to make a lOg
batch on electronic scales, ±0.1 mg, in balanced stainless steel weigh boats, 19.999g
±0.00 lg, to an accuracy of better than four significant figures.

For improved mixing of the reactants the powders were ground in an agate mortar and

pestle for approximately half an hour with acetone as lubricant. This also served the

purpose of reducing the particle size, thereby increasing the surface area of the individual

particles and hence the rate of reaction^'1.
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Solid State Synthesis

Initially the powder was then heat treated by a slow furnace ramp rate of 3°C/minute

from 900°C to a holding temperature of 1050-1100°C for 6 hours to ensure complete

decomposition of the carbonates to metal oxides. Following this calcination step the

powder was cooled to room temperature at 10°C/minute and then pressed into a

sinterbody before being fired at the reaction temperature. However this proved to require

exceptionally long reaction times before a phase pure product could be obtained ( 2-3
weeks ), even with the intermediate regrinding and pelletisation of the sample.

Subsequently the raw powder was formed into a sinterbody before the decarbonation step

and taken up to sintering temperature immediately after calcining.

The dried ground powder was uniaxially pressed at a
• 2 i •

pressure of approximately 2 tons/cm into 13mm discs
between two anvils in a stainless steel die to increase

surface contact area between the particles (Fig.4.1). The

forming of a crater in the powder before pressing avoided
the formation of a pressure bowl in the pellet; an uneven

compaction of the powder caused by friction with the
walls of the die which often resulted in the pellet breaking
into two pieces after sintering, and even where the pellet
remained whole it was unsuitable for electrical testing due
to the internal fracture.

The pellets were then stacked on a bed of sacrificial

powder in an alumina crucible (Fig.4.2) and placed into a

low temperature furnace at 300°C and allowed to come to

thermal equilibrium to ensure no residual moisture
remained. The furnace was ramped at 10°C /min to 900°C
and the crucible again allowed to reach thermal

equilibrium before being transferred directly to the high

temperature furnace which resided at 900°C.

Fig. 4.1 Powder press

Fig.4.2 Pellets in the
alumina crucible
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From this temperature the furnace was slow ramped at l°C/min to decarbonation

temperature as before but was then taken up to the sintering temperature of 1350°C at

5°C/min. The decrease in the reaction time required using this method can be ascribed to

the increased reactivity of the carbonates upon loss of CO2.

After 16 hours at sintering temperature the sample was cooled to 900°C, removed from
the furnace and reground, pelletised and sintered. The process of regrinding serves to

maintain a high surface area at the reaction sites, which is naturally diminished by grain

growth, as well as to bring unreacted material into contact with the fresh surfaces'1^; both

serving to increase reaction rate.

A small sample of powder was removed at each regrinding for X-ray analysis, with the

process being repeated one step more than required for phase purity to be established by

powder X-ray diffraction, generally leaving two whole pellets of approximately 5mm
thickness remaining for electrical characterisation after the final sintering step.
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4.2 Sro.6„xBaxTio.2Nbo.803

Introduction

This study originates from the work of Dr. P. Slater, studying the effects of doping the

perovskite titanate B site with Nb, to enhance electronic conductivity, and introducing A site

deficiencies, so as to create intrinsic oxide deficiencies, in the cubic perovskite structure of

SrTiCb. The materials were of the formula Sri-x^Tii.xNbxCb-s (0<x<0.4) and were being

investigated as potential anodes for fuel cell applications. The perovskites showed good
electrical conductivity due to the reducible ion content but low oxide ion mobility. Whilst

attempting to introduce maximum oxygen vacancies into the structure so as to increase ionic
conduction an impurity was observed when the concentration ofNb was increased above 0.4
mole% on the B site'2'; the impurity was identified as the tetragonal Tungsten Bronze

Sro.6Tio.2Nbo.8O3.

Slater went on to synthesise a range of niobium based, phase pure tungsten bronze samples
which showed high electrical conductivity in low p(0)2 and improved reoxidation kinetics

by four terminal DC measurement compared to the parent perovskite phases^3'4', indicating

higher oxide ion mobility although the phases as prepared contained no intrinsic oxygen

vacancies.

The phases with the highest conductivity in low p(0)2, and therefore potential anode

materials, were of the general formula (Ba,Sr)o.6Tio.2Nbo.803. In this work the solid
solution range of Sro.6-xBaxTio.2Nbo.8O3 was synthesised and tested by AC impedance

spectroscopy as well as 4-terminal DC oxygen partial pressure measurements.
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Powder X-ray Diffraction

All the compositions in the range produced single-phase tetragonal tungsten bronze
structures. The powder X-ray diffraction pattern for Sro.2Bao.4Tio.2Nbo.8O3 is shown as a

representative in (Fig.4.3).
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Fig. 4.3 Powder X-ray diffraction pattern ofSr0 4Bai) 2Tin iNb,, H03.

The composition Sro.2Bao.4Tio.2Nbo.sO3 has previously been studied as a ferroelectric
material and its powder X-ray structure reported, JCPDS file 39-1446. The unit cell

parameters were refined for all powder patterns in the reported space group, P4bm (100),

including the Sr rich phase, Sro.6Tio.2Nbo.8O3, which has been reported as, and is,
orthorhombic[5'. Indexing this phase as orthorhombic gives the lattice parameters as

a=12.393(3) A, b=12.365(2) A, c=3.8870(l) A, cell volume= 594.1(3) A3.
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The sudden change in the structure of the solid solution with variation in composition, or

morphotropic transition, for the Sr rich end of this range of phases was also reported by

Neurgaonkar et al . The rest of the solid solution is Tetragonal and Sro.6Tio.2Nbo.8O3 is

reported here as pseudo-tetragonal in (Table.4.1) as the orthorhombic splitting is very

small.

Sr0.6 Sr0.5 Sr0.4 Sr0j Sro.2 Sr„.i

a (A) 12.371(2) 12.374(1) 12.412(1) 12.440(1) 12.463(1) 12.492(2)

c (A) 3.8761(5) 3.9022(4) 3.9236(3) 3.9466(3) 3.9661(6) 3.9824(8)

V(Aj) 593.2(2) 597.5(1) 604.5(1) 610.7(1) 616.1(1) 621.4(2)

Table 4.1 Tetragonal Lattice parameters for Sr0 6.xBaxTi0 2Nbo.H03 from powder X-ray data.

The a and c lattice parameters are shown in graphical format in (Fig.4.4). While the c cell

parameter obeys Vegard's law over the compositional range the a unit cell length does
not significantly change going from Sro.6 to Sro.5.
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□ Ortho a

o Ortho b

x Ortho c

□
X

$
O

A

A

♦

A
♦

4

♦

A

0.6 0.5 0.4 0.3

Strontium content

Fig. 4.4 a and c lattice parameters as afunction ofSr content.
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The total change in unit cell volume, shown in (Fig.4.5), obeys Vegard's law with

increasing Ba content as expected.
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Fig. 4.5 Unit cell volume and a lattice parameter as a function ofSr content.
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AC Impedance

The AC Impedance responses of all the Sro.6-xBaxTio.2Nbo.8O3 tungsten bronzes exhibit a

single large arc in the complex impedance plane corresponding to the bulk component of
the material. Only when the Barium content increases above x = 0.3 is a small, highly
correlated grain boundary component also visibly present, as shown in (Fig.4.6) for

Sro.1Bao.5Tio.2Nbo.8O3.
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Fig. 4.6 Complex Impedance plane plot ofSro1Bao sTio.2Nbo.sO3 at 607°C in air. Units are Qcm.

The ferroelectric nature of the barium

doped samples can be seen in the

spectroscopic Modulus plots, (Fig.4.7),
for x = 0.2 and above.
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The main focus of this work was to investigate the conductivity properties of this range of
materials at high temperature, and at lower temperatures than those reported here the total

impedance exceeded the maximum input impedance of the Solartron 1260 FRA, resulting
in scatter at low frequency in the complex impedance plane due to the high restistivity of
the materials and the thickness of the pellets.

Sro.4Bao.2Tio.2Nbo.8O3
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Fig. 4.8 Curie-Weiss plot ofSr0 4Ba0 2Ti0 2F'b„H03.

The Curie-Weiss plot at high temperature for the x = 0.2 sample is shown in (Fig.4.8)
which gives a Curie temperature, Tc, of 148K in agreement with previous results^ .
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The Arrhenius plots for the entire range are shown in (Fig.4.9). The sudden jump in the

conductivity as a function of temperature at a Barium doping of x = 0.3 on the A-site is
followed by a slow decline with increasing Barium content thereafter.
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Fig. 4.9 Arrhenius plot forSr0 f,.xFaxTin oNbn ^03 in air

With low barium doping levels there is a large degree of scatter in the Arrhenius data
with no apparent reason from the measurement conditions. The scattering does not follow
a heating or cooling trend as for the Manganese doped sample in Section 4.3, nor is there

any degredation of the pellets or contact problems with the jig. Moreover the samples
were not measured consecutively with regards to dopant levels.

The low doped samples still share the same charactristic 2.0eV activation energy that the

higher conductivty tetragonal tungsten bronzes have above 700°C. The high activation

energy is consistent with Schottky defect formation.

At lower temperatures, where no data is available for the low doped samples, the
Arrhenius plots just begin to shallow for x > 0.3.



Tetragonal Tungsten Bronzes

Four-Terminal DC Conductivity Measurements

The partial pressure measurement is a transient technique for following the change in

conductivity of a sample as a funciton of the reducing environment. Equilibration of the

sample with its environment is a function of three parameters; the flow rate of the

reducing gas or the size of the leak on the oxidation run, the density of the pellet under
examination, and the kinetics of the sample with regard to surface exchange and bulk

oxygen diffusion properties.

In many ways it is like a cyclic voltammetry experiment at high temperature, where there
are no gas phase diffusion limitations, with the partial pressure replacing the applied

voltage: if the partial pressure scan rate is too fast for the kinetics of the sample a

flattening of the response occurs and a hysteresis loop is observed on reversal of the scan

direction, but if the scan rate is slow enough the sample will be at equilibrium at all

partial pressures and the linear dependence over a specific partial pressure range will be
seen.

Unlike the cyclic voltammetry experiment the scan rate, the gas flow rate, is not

monitored so the information gleaned from the degree of hysteresis is qualitative rather
than quatitative, and thus can obscure relevant information.

Because of the difficulty in controlling the reductant gas flow rate it is common to reduce
the sample completely first, and obtain a fixed reference point at the lowest partial

pressure attainable, before allowing the sample to re-oxidise as air slowly leaks back into
the sealed chamber. Then only the oxidation data is used and the reduction side of the

experiment is ignored, losing valuable information.

To obtain the maximum amount of useful information the gas flow rate on the reduction
run therfore needs to be very low, in order for the sample to be able to come to

equilibrium with its environment, as does the leak into the chamber for the oxidation run.
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The importance of the gas flow rate, whether oxidant or reductant, is shown by the raw

data oxidation runs for Sro.2Bao.4Tio.2Nbo.8O3 in (Fig.4.10).
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Fig. 4.10 Uncorrected raw data illustrating the dependence ofthe conductivity response on the rate of
oxidation for Sr0 2Ban4Ti0 2Nbn hOS-

The blue data shows part of the reduction run, with a very slow gas inlet pressure, along
with the entire oxidation run when the p(02) jig is at its optimum and virtually gas-tight.
The reduction and oxidation scans took approximately 20 hours each to complete and

highlight all the problems and benefits associated with this proceedure.

Firstly the major benefit is that the experiment is relatively quick and easy to perform,

covering the entire redox spectrum in only a few days, if all goes well, and providing
sufficient data to elucidate the conduction regimes present'31; in this case that the material
shows //-type conductivity with a dependency of -!4 on the logarithm of the partial

90

pressure of oxygen from air to fully reduced at 10" atmospheres p(C>2).

The very low p(C>2) region, 10"18-10"2° atm, demonstrates the need for both the oxidation
and reduction scans due to the placement of the sensor with regards to the sample.

Sro.2Bao.4Tio.2Nbo.8O3
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The hysteresis loop in this region is caused by the differnet local environments of the

sample and sensor in this very reducing atmosphere. The sample, which is releasing

oxygen upon reduction into its local environment, has a higher local p(C>2) than the sensor

which is only an inch or two away but in the bulk environment of the chamber.

The sample then has a lower conductivity than would be expected from the sensor

reading of the partial pressure in the chamber. Only when the sample is fully reduced and
its local environment stripped away does the sensor experience the same environment as

that of the sample.

n 10
# #

In the region between 10" -10" atm of (Fig.4.10) the oxidation runs are almost co-linear
but there is still a degree of hysteresis between oxidation and reduction for the slow run.

This is due to the density of the pellet and the kinetics of the sample. The sample in this
case is only 76% dense, allowing the gas to freely permeate the sample, and the hysteresis
is due, therefore, solely to the sluggish kinetics of the material. These two factors become
harder to disentangle as the density of the pellet increases, resticting the access of the gas

atmosphere to the interior, and leading to a larger hysteresis between oxidation and
reduction runs.

Finally the data between 10~5-10"10 atm shows some scatter and a high degree of hystersis,
even in the well behaved case for the slowly reduced and oxidised data. In this region the
concentration of both the redox gas species, H2 and O2, is extremely low and the local
environments of the gas sensor and sample may differ considerably^2,3^.

This intermediate range takes a very short period of time to traverse in either direction,

compared to the length of time it takes to carry out the experiment, and the equilibrium

sought after cannot be attained.

Examination of the fast, red data, and intermediate run, orange points, for the oxidation
scans of (Fig.4.10) shows how increasing the rate of oxidation extends this region over

orders of magnitude of p(C>2). The fast run, which took less than 20 minutes to complete,
shows large spaces between measurement points in this region characteristic of an

uncontrolled leak.
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Defect Chemistry

The expected electronic conductivity dependence for an oxide depends on the dominant

charge carrier type created, electrons, e, or holes, h, and the variation in the total number
of oxygen vacancies, [VQ ], contributing to the change in concentration of that charge

carrier; [e], [h]. Here we assume that the defect chemistry of interstitial cations, cation
deficiencies interstitial anions is negligible compared to oxygen loss from the sample.

Although the oxygen vacancies can be neutral, singly or doubly charged with respect to

the normal oxygen lattice site it is the doubly charged species that predominate at high

temperature'6'.

For the case of O2" ionic conduction, cjj, the oxygen vacancies themselves are considered
to be the mobile species, and are assumed to be in excess compared to those created or

destroyed by the change in partial pressure of oxygen'7'.

[vo ] = const.

The mobilities of the electrons, holes and and oxygen vacancies are taken to be constant

at constant temperature'8', independent of carrier concentration, with the result that the

partial conductivities of the mobile species are proportional to their concentrations.
Therefore the partial conductivity of oxide ions, due to the oxygen vacancies, is constant

over the partial pressure range studied.

C7i = const.

Where the ionic conduction dominates over the electronic contributions the total observed

conductivity would then be independent of the partial pressure of oxygen, giving rise to a

plateau in the log a vs p(C>2) plot.
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For «-type electronic conductivity the creation of an oxygen vacancy by a reduction in
the partial pressure of oxygen is associated with the creation of conduction electrons^,
described by the defect equation for oxygen incorporation into the lattice.

'/202(g) + vo' + 2e = Oo

The corresponding law of mass action for this equation is given by

1

p(02y[V0"][e]2=K

In the limiting case of the number of oxygen vacancies remaining constant at higher

p(C>2) values the concentration of conduction electrons is given by

[e\ = K'p(02y*

Therfore the partial conductivity of the electrons is proportional to the inverse fourth root

of the partial pressure of Oxygen.

CTe~P(02)"/4

At lower oxygen partial pressures the vacancy concentration can longer be taken to be
constant and the oxygen vacancies themselves begin to show a dependency on p(02). In
this regime the concentration of electrons is then twice that of the oxygen vacancies
created, from electroneutrality requirements.

2[V0"] = [e]
The equation for the law of mass action can then be rewritten for the limiting case of the

majority of oxygen vacancies associated with conduction electrons as:

- \efP(o2yA-j- = K
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Therfore the partial conductivity of the electrons is proportional to the inverse sixth root

of the partial pressure of Oxygen.

[e] = K'p(P2)~* => ae~p(02)"1/6

The expected conductivity dependence for an /i-type oxide is therefore in the range - U to
- approaching - U when the number of oxygen vacancies are in excess compared to the
number of charge carriers created by reduction, and -/(, when the majority of vacancies
are associated with creation of charge carriers'9'.

For /7-type conductivity the defect equation for oxygen incorporation into the lattice is:

'/202(g) + v0' = Oo + 2h

The corresponding law of mass action for this equation, similar to that for n-type

conductivity, is given by

p(o2m"pr2=x

And hence the electronic conductivity has dependencies of

tfh~p(02)1/4 low p(C>2), vacancies in excess

tfh~p(02)1/6 high p(Oi), consumption of vacancies associated
with creation of charge carriers

A scan of a wide range of partial pressures should elucidate the electronic and possibly
ionic conductivity regimes, distinguishing p-type from /i-type electronic conductivity,
and the vacancy concentration dependencies for the respective conduction processes.
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Four-Terminal DC Conductivity Results

The compositional range shows w-type conductivity for all samples upon reduction with a

- U dependency upon the partial pressure of oxygen, except for the intermediate

composition Sro.3Bao.3Tio.2Nbo.8O3 which shows a dependency of ~ -V5 (Fig.4.11),

Sro.6-xBaxTio.2Nbo.8O3

p(02) (atm)

Fig. 4.11 Selected redox runs for the Sr0 (l.xDax Ti0 jNb0 H04 compositional range at 930°C showing the
general ~'/4 dependency ofthe logarithm ofconductivity on the logarithm ofthe partial pressure of
oxygen and the anomalous Sr0 }BaQ fTi0 2Nbo.803 data.

The lower p(02) dependence of the x = 0.3 sample may be due to equilibration problems
as the oxygen vacancy concentration should be the same for all compositions as made.
The graph shows that the sample did not reach a log p(02) value of -20atm as is usual, so

the sample may not have fully reduced. The large degree of hysteresis between oxidation
and reduction runs also indicates that the redox kinetics for this sample were quite

sluggish; consequently the x = 0.4 sample, which has a slightly lower conductivity in air,
was selected for fuel cell testing.
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• • 20 1
The maximum conductivity obtained at 10" atm p(C>2) was 20 Scm" for the

Sro.2Bao.4Tio.2Nbo.8O3 sample, with Sro.3Bao.3Tio.2Nbo.8O3 achieving 2.1 Scm"1 at 10"19 atm

P(02).
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4.3 Lao.2-xBao.4+xMno.i33Nbo.86703-5

Introduction

The addition of manganese to the niobium based tetragonal tungsten bronzes produced a

a p(C>2) independent plateu in the four terminal DC partial pressure measurements

reported by Slater and Irvine'4^, shown in (Fig.4.12), prior to the onset of n type electonic

conductivity at ~10"10 p(C>2).
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Fig. 4.12 Partialpressure measurement data taken from reference [3]for Lao.2Bao.4Mno. ;aNboHr^O} at
930°C.

For a purely ionic conductor the conductivity would be expected to be independent of the

partial pressure as the change in vacancy concentration, the charge carrier in this case,

would be negligible with p(C>2), due to the large number of inherent vacancies already

present.

The sample also showed very good re-oxidation kinetics considering the density of the

pellet measured, 85% of the theoretical density of 5.821 gem", with minimal hysteresis
between reduction and oxidation data.
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These two factors combined are a strong indication of oxygen ion conductivity in the

partial pressure range 10"' to 1O"10 atmospheres p(C>2).

Although the electronic conductivity is low in reducing atmospheres, crmax = 0.2 Scm"1 at

10~20 p(C>2), the presence of the significant ionic conductivity indicated, 1-2 x 10"3Scm"',
would make Lao.2Bao.4Mno.i33Nbo.86703 an excellent anode material.

Based on this information the sample was selected as one of the materials to undergo
electrochemical testing at the Risoe National Laboratory in Denmark, see Section 4.4, to

ascertain its suitability as an anode material in an SOFC.

As part of the ongoing investigation into the properties of this phase the sample was re-

synthesised and AC impedance studies were carried out on this composition and the

partial pressure measurements reproduced.

In addition, an attempt was also made to introduce extra oxygen vacancies into the
• • 3+

structure by substituting the Lanthanum content for Barium. By substituting La with
Ba2+ the oxygen content would have to decrease to maintain electroneutality, and thereby
increase the ionic conductivity.

A site: BaO + La^ + ^Oo* ~~ Ba ia + '/2V0 +'/2La203

The phases in the compositional range Lao.2-xBao.4+xMno.i33Nbo.867C)3 were therefore

investigated in order to try to and improve the ionic conductivity of the tetragonal

tungsten bronze.
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X-ray Diffraction

In the compositional range Lao.2-xBao.4+xMno.i33Nbo.86703-x/2 single-phase tetragonal

tungsten bronze X-ray powder diffraction patterns were obtained up to x = 0.1.

(Fig.4.13) shows the single-phase powder X-ray diffraction pattern of the end member

Lao. iBao.sMno. 133^0.86703.5.
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Fig. 4.13 Powder X-ray diffraction pattern ofLao.1Bao.5Mno. i^Nbo ^jOss

The unit cell parameters were refined in the space group P4bm (100), taken from JCPDS
file 39-1446, and are shown in (Table.4.2).

Unit Cell

Parameters
Lao.20 Lao. 15 Lao.io

a (A) 12.564(2) 12.573(1) 12.589(1)

c (A) 3.968(1) 3.9711(2) 3.9836(2)

Vol (A3) 626.4(1) 627.8(1) 631.4(1)

Table 4.2 Tetragonal Lattice parametersfor Lan2-iBa04 ,xMn,},uNbo^-Oi.s
from powder X-ray data
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The substitution of Lanthanum for the much larger Barium increases both the a and c

dimensions of the unit cell, as would be expected from the size of their ionic radii.

La3+ twelve fold coordination IR = 1.32A Ba2+ IR = 1.60A

There is however a sudden jump in both a and c as the ratio of La to Ba on the normal

perovskite site in the tetragonal tungsten bronze structure, the A1 site, becomes 1:1. Due
to its much larger size the Ba ion would be expected to preferentially occupy the larger

pentagonal tunnels in the structure, the A2 site, and only reside in the A1 sit when all A2
sites were fully occupied.

With increasing Barium content beyond x = 0.1 the evolution of Manganese oxide

impurity peaks can clearly be seen in (Fig.4.14) either side of the central peak; the (221)

peak in the tetragonal tungsten bronze pattern.

Lao.2-xBao.4+xMrio.i33Nbo.86703_8

Fig. 4.14 Powder X-ray diffraction pattern ofphase-pure La0 ,Ba„jMnr, and the evolution
ofmanganese oxide impurity peaks with increasing Ba content thereafter.
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The rate of increase in the relative intensity of the manganese oxide peaks, compared to

that of the (221) bronze reflection, are a further indication of the phase purity of

Lao.ioBao.5oMno.i33Nbo.86703-s beyond that of the detection limits of the STOE Stadi-P
diffractometer.
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Lao.2Bao.4Mno.i33Nbo.867C>3

(Fig.4.15) shows the reduction and oxidation curves for Lao.2Bao.4Mno.i33Nbo.86703, 90%
of theoretical density, together with the oxidation curve from Slater and Irvine'4^ at

930°C.

La0.2Ba0.4Mn0.i33Nbo.86703

-20 -15 -10 -5 0
log p02(bar)

Fig. 4.15 Partialpressure measurement datafor Lao.2Bao.4Mno. usNbo.MjO} at 930°C together with the
original data taken from reference [3J.

The original sample had a maximum conductivity in air of 0.001 Scm"1 compared to

0.008 Scm"1 for this pellet, and a conductivity of 0.2 Scm"1 at low p(C>2), 10"20 atm,

compared to 3.8 Scm"1 for this reduction/oxidation run.

In the low p(02) region, 10"12-10"19 atmospheres, both samples exhibit a p(02)"'/4
dependency. The expected conductivity dependence for an n-type oxide approaches in
the limiting case when the number of oxygen vacancies considerably exceeds the number
of electronic charge carriers created by reduction[4'6].
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The degree of hysteresis between oxidation and reduction runs is a function of the density
of the pellet and the oxygen exchange kinetics of the sample. While the density of this

pellet is higher than that in the original paper the difference in the reduction and oxidation
curves in this measurement is an indication of low oxygen mobility in the sample.

Both samples had the same sintering temperature and initial composition but differed in
the decarbonation step of BaCC>3, as explained in the Experimental section. Taking the
decarbonated reaction mixture, in the form of a pellet, straight to sintering temperature

after calcining rather than cooling to room temperature and forming a sintering body,

produces higher density polycrystalline pellets with well-sintered grain boundaries.

(Fig.4.16) shows the AC impedance response of Lao.2Bao.4Mno.i33Nbo.86703 at 241°C in
air synthesised using this reaction procedure. The response consists of a single arc in the

complex impedance plane, corresponding to the bulk of the material, at all temperatures

for which a response remained in the frequency range of the Solartron FRA.

180

0 45 90 135 180

71 (kOcm)

Fig. 4.16 Geometry corrected complex plane plotfor La02BaiUMn(li33Nb0m7O3 at 24I°C in air

The capacitance associated with this arc, 1.7x10"" Fcm"1, corresponds to that of the bulk
of a ferroelectric tungsten bronze phase.
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Furthermore, there is no evidence for ionic conduction, in the form of a low frequency

Warburg diffusion element, at any temperature. The conductivity in this material would
therefore appear to be dominated by electronic conduction even in air.

Determination of the ionic transport number was attempted using EMF measurements at

Aveiro'101 but these proved unsuccessful suggesting that the ratio of electronic to ionic

transport was actually very high. Further experiments utilising the Faradaic efficiency
and coulometric titration techniques'10^ confirmed that the oxygen ion transport number,
and the change in oxygen stoichiometry with oxygen partial pressure, were very low. The
ionic transference number, t0, was less than 0.001 while the coulometric titration

indicated a change of oxygen stoichiometry of less than 0.003 upon reduction.

(Fig.4.17) shows the Arrhenius plot for Lao.2Bao.4Mno.i33Nbo.86703 in air over the

temperature range 200-975°C.
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Fig. 4.17 Arrhenius plotfor Lao.2Bao.4Mnoj33Nbo.867O3 in air
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There is a linear dependence on temperature over the entire range indicating the
conduction mechanism does not change for this stoichiometry. The activation energy for
this electronic conduction process is 0.6eV and reaches a slightly higher conductivity of
0.0085Scm"1 at 930°C compared to the 0.008Scm"' obtained from the four terminal DC
measurements.

The results from this AC impedance experiment have been reproduced for samples of

differing densities by Alan Feighery at the University of Aveiro in Portugall0' which
leads to the conclusion that the lower conductivity values previously reported are due to

experimental error. It is worth pointing out that the conductivity for the previously

reported sample is an exception, with other sample having a similar conductivity to those

reported here. The fact that the p(C>2) dependence is a constant factor out with those

reported here is consistent with a crack in the sample, reducing the effective area

measured.
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As part of the further characterisation of this material the pellet used for the p(C>2)
measurement was ground up and examined using HRTEM by Jesus Canales of the JTSI
research group here at St. Andrews.

(Fig.4.18) shows the ab plane of the tetragonal tungsten bronze structure with two

inserts: the electron diffraction pattern in the top right hand corner and the inverse Fourier
transform for clarity in the top left.

Fig. 4.18 TEM image ofab plane Lao.2Bao.4Mno133Nbo.867O}, main picture, with inverse Fourier
transform, top left, and SAED pattern, top right.
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As well as showing the square motif of the bronze structure the SAED pattern of

(Fig.4.18) confirms the unit cell parameters used are correct and that there is no super-

cell or intergrowth structure.

The ac plane is shown at different magnifications in (Fig.4.19) with the corresponding
SAED pattern in the top left hand corner.

Fig. 4.19 TEM image ofac plane Lao.2Oao.4Mnoj33Nbu.86/Oj at two different magnifications. Top right is
the SAED diffraction pattern

This image also shows the grain edge to be well defined, which is unusual in tetragonal

tungsten bronzes which can often have a large amorphous content at the grain surface,
sometimes forming an insulating layer around the bulk of the material. The a and c

dimensions are readily visible at the higher magnification and the tetragonal tungsten

bronze exhibits a regular structure, not an intergrowth.
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Lao.2-xBao.4+xMno.i33Nbo.867C>3-8

With increasing Barium content the average density of the sintered pellets increases. The
addition of manganese acts as a sintering aid, as evidenced by the high density of the

pellets in the previous section, but Barium Carbonate lowers the sintering temperature

required and produces a partial melt at 1350°C, leading to very high density pellets.

(Fig.4.20) shows the geometry corrected complex impedance response of

Lao.i5Bao.45Mno.i33Nbo.86703-§ at 378°C, pellet density 93% of the theoretical density of
5.671 gem" , after regrinding and sintering at 1300°C. The response consists of one broad

asymmetric arc corresponding to the bulk component of the material.

5.00E+04

1MHz

0.00E+00

Lao.i5Bao.45Mno.i33Nbo.86703_5

40kHz

4 ♦ * ^ ♦

♦ 378°C

2kHz

\
0.00E+00 5.00E+04 1.00E+05 1.50E+05

Fig. 4.20 Geometry corrected complex plane plotfor La0 jjBa0 4sMno. '3.g at 378°C in air.
Units are Qcm

The asymmetry in the arc comes from calibration problems with the Solartron 1260FRA.
In this case the main problem is not with the 1MHz transition, indicated in (Fig.4.20), and
discussed in Section 3.2, but with the 65kHz transition where the instrument switches

measurement boards to measure the frequency range 65kHz-1 MHz.

The magnitude of the bulk impedance is then taken as the low frequency intercept with
the real axis.
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(Fig.4.21) shows the spectroscopic Modulus plot for the same temperature where the

single peak in the Modulus formalism corresponds to the peak in the Imaginary

Impedance spectroscopic formalism.

Lao.i5Bao.45Mno.i33Nbo.86703-8

2.00E+04

1.50E+04

1.00E+04

5.00E+03

0.00E+00

♦ 378°C

Ao

/ ♦ .000000°
♦ . ♦

♦ o „
❖

♦ o

♦ O
♦ o

♦ O
♦ O

♦ O

2.50E+10

2.00E+10

1.50E+10

M"

1.00E+10

5.00E+09

O.OOE+OO

10 100 1000 10000 100000 1000000 10000000

frequency (Hz)

Fig. 4.21 Spectroscopic Imaginary Modulus and Impedance plotfor La0.isBa0.4sMn0. u3Nb0.s67O}.s at
378°C in air

The plot also shows how the data in the Modulus formalism deviates above 65kHz. The

single arc in (Fig.4.20) can therefore be ascribed to the bulk component of the material,
with no grain boundary element obviously present.

The peak in the Modulus spectroscopic plot indicates a bulk capacitance value of the
order of ~2 xlO"11 Fern"1. Although the lack of clear data at high frequency makes this
value for the capacitance an approximation the addition of Ba seems to increase the
ferroelectric properties of the material similar to the Sr samples^.

• • • • 2+ • • •The increase in the dielectric constant of the material is due to the Ba ions beginning to

significantly occupy the smaller A1 sites of the tetragonal tungsten bronze structure, and

rapidly expanding the unit cell in the process.
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The Arrhenius plot for Lao. lsBao^sMno. i33Nbo.86703_s in air is shown in (Fig.4.22) along
with the data for Lao.2Bao.4Mno.i33Nbo.867C>3 from (Fig.4.17).

Lao.2-x Ba0.4+xM no. 133N bo.86703-5

♦ La0.2Ba0.4

a La0.15Ba0.45

0.75 1.00 1.25 1.50

1000/T

1.75 2.00

Fig. 4.22 Arrhenius plotfor La0. isBa0 jjMn0 mNbf)x6703_s in alr together with the datafor
Lao.2Bao.4Mno.133Nbo.s67O}. from Fig. 4.15.

The lowering of the Lanthanum content suppresses the electronic conductivity and
increases the activation energy in the low temperature region. As for the case of the

Lao.2Bao.4Mno.i33Nbo.86703 sample there is no indication of ionic conductivity, in the form
of a low frequency diffusion element, at any temperature for this composition.

(Fig.4.22) shows the Arrhenius plot to be linear in the low temperature region up to

~720°C with an activation energy of 0.68eV. As the temperature is increased the slope of
the Arrhenius plot becomes steeper and is again linear above ~875°C, with an activation

energy of 0.99eV.

The change in the activation energy indicates a change in the electronic conduction

process from extrinsic conductivity, due to Ba2+ doping changing the charge carrier
concentration, to intrinsic conductivity with increasing temperature.
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For the end member of the series, Lao. iBao.sMno.i33^0.86703-5, the increase in the

activation energy at low temperature becomes more pronounced, as shown by the
Arrhenius plot of (Fig.4.23).

Lao.2-xBa0.4+xIVIno.i33Nbo.86703-£
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Fig. 4.23 Arrhenius plotfor La0 wBa0 51Mno.133Nbo.867Ois in air together with the datafor
La0 isBao.4sMn0.i33Nbo,86703-s and Lao.2Bao.4Mno. mNbox^Oifrom Fig.4.20.

The impedance plots also show a single arc in the complex plane corresponding to the
bulk component of the material, on both heating and cooling, however the Arrhenius plot

clearly shows a small deviation upon cooling from the heating trend and the material may

not be stable at high temperature.

On heating the low temperature data has an activation energy of 0.8 leV compared to

0.83eV on cooling. At around 560°C the Arrhenius plot begins to curve, becoming linear

again on heating at ~800°C with an activation energy of l.OeV, similar to that of

Lao.i5Bao.45Mno.i33Nbo.86703-5, increasing to 1.2eV on cooling.
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The partial pressure measurement for Lao.lsBao^Mno. 133^0.86703.5 at 930°C is shown in

(Fig.4.24). There is a larger degree of hysteresis between oxidation and reduction than
the 20% Lanthanum doped sample, primarily due to the increased density of the pellet but
also to the degradation of the p(C>2) chamber which can be seen to have a small leak as

90
10" atm of oxygen was not attained in this or subsequent measurements.

Lao.2-xBao.4+xMn0.i33Nbo.86703

-20 -15 -10 -5 0
log p02(bar)

Fig. 4.24 Partial pressure measurement datafor La0 ijBau45Mno it 930°C together with
the data for La02Ba0AMn0.133Nb0.867O3 takenfrom Fig.4.13.

The low p(C>2) region has the same characteristic -% dependency as before but achieves a

conductivity of 3.8 Scm"1 some two orders of magnitude earlier in terms of the partial

pressure of oxygen.

With a lower initial conductivity of 0.0027 Scm"1 from the AC impedance in air, and
0.003 Scm"1 from the four terminal DC measurements, this means that the onset of

dominant n-type electronic conduction occurs at a higher p(C>2) and that the p(C>2)

independent plateau has been foreshortened.
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For the end member of the series the whole curve has again been shifted to higher p(C>2)
and lower conductivity with a much larger increase in the hysteresis between oxidation
and reduction runs, as shown in (Fig.4.25).

Lao.2-xBao.4+xMn0.133Nbo.86703-8
1

-4

-20 -15 -10 -5 0
log p02(bar)

Fig. 4.25 Partialpressure measurement datafor LaojoBao.50Mno.133Nbo.867O3.3 at 930°C together with
the datafor La0 isBa0 isMn0 mNbo.xoyOj.s and LaojBa,, 4Mn0.1uNkoxoiOi taken from Fig.4.24.

The untraced leak in the p(C>2) jig has also increased, which decreases the minimum

partial pressure obtained still further and makes the oxidation run very fast, increasing the

degree of hysteresis. However, the salient data is still extractable from this plot in

conjunction with the data from Figure. 15 and the slope remains

The clustering of points between 10"16 and 10"17 atm is due to a small increase in the flow
rate of the reducing gas, in order to try and achieve as low a partial pressure of oxygen as

possible, and while the conductivity is marginally increased the p(C>2) only drops a

further one half of an order of magnitude.

In the jig arrangement the sensor sits to one side of the gas stream while the sample is

directly in its path, so for a faster flow rate the sample experiences a lower p(C>2), and
possibly a lower temperature, than the sensor which detects the mixed gas content.
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The data are therefore more reliable on the slow gas-flow part of the reduction run down
to -10"16 atm, where the logarithm of the conductivity intercepts the x-axis. A p(02)

dependency of -% for the n-type conductivity, extrapolated back from this point, would

give a conductivity for Lao.iBao.5Mno.i33Mno.86703-8 of O.OOlScm"' at approximately 10"4
atm p(C>2).

The experiment was repeated using argon as the reducing gas, shown in (Fig.4.26), which
confirms the onset of the «-type dominated conductivity at 10"4 atm. For the higher La
content samples a -U p(C>2) dependency would put the onset of w-type conductivity in the
dead zone from ~10"? to -10"10 atm p(C>2).
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Fig. 4.26 Partialpressure measurement datafor Lao.iaBao.soMno.niNboMiOss at 930°C with Ar as the
reductant

The DC conductivity of this sample in air at 930°C, 0.00056 Scm"1, is much higher than
that obtained from the AC impedance measurements, 0.00026Scm"', and is probably due
to the difficulty in determining the correct geometry from a disc shaped sample in the 4-
terminal DC measurement.

Lao.iBao.5Mn0.i33Nbo.867 03.g

♦ Reduction in Ar
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During the partial pressure measurements the sample is exposed to a temperature of
930°C for approximately 2 days, as well as the reducing conditions in the sample
chamber. The powder X-ray pattern for the sample after reduction at 1000°C for 24

hours, shown in (Fig.4.27), now shows the presence of a small, unidentified impurity

peak at 33.7 degrees 20, marked with an asterisk. The Stoe software lattice refinement is
shown on the next page (Fig.4.28).

La0.i Bao.5Mn0.i33Nbo.86703-5

Fig. 4.27 Powder X-ray diffraction pattern ofLa„ wBa05oMn0 133Nbo.867O3.fi after partial pressure
measurement showing an impurity peak at 33.77 degrees 26.

The unit cell also shows an increase in both the a and c lattice parameters, leading to an

overall cell volume expansion of 0.6%.
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Initial cell parameters :

CellA : 12.5888
Cell C : 3.9834

Refined cell parameters :
CellA : 12.6246(13)
Cell_C : 3.9855(5)
Cell_Volume: 635.22(17)

Number of single indexed lines : 20
Number of unindexed lines : 1

2Theta zeropoint: 0.013(3)

Final 2Theta window : 0.0100

obs-
N 2Th[obs] H K L 2Th[calc] calc Int. d[obs] d[calc]

1 9.892 1 1 0 9.900 0.0087 2.80 8.9348 8.9270

2 14.022 2 0 0 14.019 0.0033 0.80 6.3108 6.3123
3 15.683 2 1 0 15.683 0.0002 4.30 5.6458 5.6459
4 19.877 2 2 0 19.875 0.0018 2.10 4.4631 4.4635
5 22.286 0 0 1 22.288 0.0016 5.20 3.9858 3.9855
6 24.443 1 1 1 24.439 0.0040 3.30 3.6387 3.6393
7 25.419 3 2 0 25.417 0.0018 18.60 3.5012 3.5014
8 26.432 2 0 1 26.426 0.0055 1.10 3.3693 3.3700

9 27.372 2 1 1 27.369 0.0029 59.60 3.2557 3.2560
10 28.256 4 0 0 28.253 0.0033 6.00 3.1558 3.1562
11 29.144 4 1 0 29.141 0.0027 49.20 3.0616 3.0619

12 30.030 2 2 1 30.034 0.0047 29.30 2.9733 2.9729

13 31.692 3 1 1 31.698 0.0059 100.00 2.8211 2.8206
14 33.772 — not indexed — 0.7000 2.65 — —

15 34.055 3 2 1 34.056 0.0000 13.90 2.6305 2.6305
16 36.274 4 0 1 36.278 0.0035 2.40 2.4745 2.4743

17 36.994 4 1 1 36.993 0.0017 1.00 2.4280 2.4281

18 37.692 3 3 1 37.696 0.0036 0.50 2.3846 2.3844
19 38.365 5 2 0 38.365 0.0002 6.10 2.3443 2.3443

20 39.074 4 2 1 39.070 0.0034 2.00 2.3034 2.3036
21 40.380 4 4 0 40.383 0.0028 1.60 2.2319 2.2317

Average delta(2Theta) = 0.003 Npossible / Nobs = 25/21 = 1,.19
Maximum delta(2Theta) = 0.009 (peak 1 ) = 2.8 * average
Figure of Merit F( 21 ) = 272.5 = (Nobs/Nposs ) / deIta(2Th,avg)
Durbin-Watson serial correlation = 1.733 ( not significant)
Sqrt[ sum( w * delta(q)A2 ) / (Nobs - Nvar) ] = 3.0533e-005

Fig. 4.28 STOE lattice refinement ofPowder X-ray diffraction pattern ofLa0. iBa0 $Mn0 133Mb,1867O3.S ..after
oxygen partial pressure measurement, showing the un-indexed impurity peak at 33.77° 29.
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4.4 Electrochemistry

Introduction

Two prepared powder samples of composition Sro.2Bao.4Tio.2Nbo.8O3 and

Lao.2Bao.4Mno.i33Nbo.86703, as well as others from our group, were taken to Risoe
National Laboratory in Denmark as part of the Training and Mobility of Young
Researchers programme.

The aim of the experiment was to find a quick electrochemical characterisation technique
for the mass screening of potential anode materials in a Solid Oxide Fuel Cell^'l The

approach devised was to eliminate the time consuming technical fabrication proceedures,
such as sintering optimisation and microstrucural development, and instead test the
anodes as unsintered, compressed powders. The inspiration for adopting this proceedure
was the work of Marina et <a/'12' on unsintered electrodes, and the reproducibility of those
results in this setup for the mixed ionic and electronic conductor Ceo.6Gdo.402-g,

designated CG-4, was taken as validation of the experimental procedure'11^.

Sample Preparation

The tetragonal tunsten bornze samples were rotary ball milled in 100ml polyethylene
containers at approximatley 200rpm for 24 hours using the following mixture:

50g of Zirconia balls (-15 balls)

3g of sample powder

5g of ethanol

0.5g of binder (PVP 0.53g/g)

The resulting slurries gave a bimodal particle size distribution around 0.3 pm and 2pm,

compared to a unimodal ditribution around 60pm before milling. In the case of the Mn

doped sample the particle size was almost toatally distributed around 0.3pm whereas the
Ti doped sample had almost equal distribtuion around 0.3pm and 2pm, indicating higher
mechanical stability.
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The slurry was painted on to a dense sintered
zirconia electrolyte (8YSZ) to act as anode

(Fig.4.29), the working electrode, while the
cathode was formed from platinum paste. The
loose packed layer was then heated in situ under a

9%H2 / 3%H20 / 88%N2 gas mixture to the initial
test temperature of 1000°C.

Anode

YSZ Pellet

Platinum paste Cathode
Fig. 4.29 Risoe (8YSZ) electrolyte and
electrode geometry

The electrical contact to the working electrode was made using a nickel felt, pressed onto

the surface of the anode by an alumina plate with gas channels machined in to it

(Fig.4.30).

Reference electrode
Fig. 4.30 Risoe SOFC testjig showing mounting ofelectrolyte, sealing ofcell and anode position with
regards to the reference electrode.
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Electrochemical Measurements

Initial electrochemical measurements were performed in the 9%H2 / 3%H20 / 88%N2 gas

mixture at 1000°C, to check the electrical contacts and cell voltage against the theoretical
value as an indication that the cell had sealed, before switching to the fuel gas atmosphere
of 97%H2 / 3%H20.

The sample was then allowed to equilibrate for approximately 2 hours at the new OCV
before impedance spectra were taken at OCV and as a funtion of anodic and cathodic

overpotential with suitable equilibration times between measurements.

Impedance measurements were taken using a Solartron 1250 Frequency Response

Analyser in combination with a 1286 Electrochemical Interface in the frequency range

65kHz to 0.01Hz and at an amplitude of 20mV ( 14mV RMS ).

Again the the sample was allowed to equilibrate at OCV before Cyclic Voltammetry at

various scan rates, lmVs"1, 2mVs"1 and 5mVs"' being performed.

The measurements were repeated as a function of temperature in the range 700-1000°C

although only the high temperature data for the impedance scans at 1000°C is presented
here.

Sample Characterisation

Subsequent to the electrochemical tests the sample was visually inspected using a stereo

microscope to determine the adhesion to the solid electrolyte, the degree of delamination
of the sample and to estimate the number of contact points between the nickel felt and the

sample.

The samples wee then embedded in epoxy resin, cut, ground and polished, and Scanning
Electron Microscope images of the cross sections of the samples were obtained.
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Results

The impedance plot for Lao.2Bao.4Mno.i33Nbo.86703 in the humidified fuel gas atmosphere
at open circuit potential, OCV = -1060mV, is shown in (Fig.4.31),

Lao.2Bao.4Mrio.i33Nbo.86703

10
♦ 1000°C OCV

. ♦ ♦ ♦ -1060mV
♦ ♦

♦ ♦
♦ ♦

♦
♦

♦ ♦

/ \
5 10 15 20 25 30

z

Fig. 4.31 Complex plane plotfor La(l2Ba,)4Mn„lyiNb(lnf.7Oi electrode at 1000°C in 97%H2 / 3%oH20
and OCV = -1060mV. Units are Q

The high frequency intercept defines the Ohmic resistance of the cell, Rq, which for

highly conducting electrodes arises mainly from the electrolyte resistance, and is
therefore expected to be between 1.5-2.5Q for the setup of (Fig.4.30). The polarisation

resistance, Rp, is the total electrochemical resistance associated with the chemical
reactions occuring at the anode and can be read directly from the impedance diagram as

the difference between the high and low frequency intercepts with the real axis.

Variation in the Ohmic resistance between samples can be due to the electrode layer not

fully covering the geometrical area of the electrolyte, and/or lower electronically

conducting electrodes'111.
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For compressed powder layers the electrical contact between the particles forming the
anode may depend on the pressure applied, leading to an increased Ohmic resistance. In
addition the pressure dependence of the contact can lead to depressed and overlapping
semi-circles in the complex impedance plots, increasing the observed polarisation

resistance, Rp, attributed to the electrochemical processes, due to less necking between
particles'i3' which in turn complicates the impedance analysis. The results and discussion
are therefore limited to a qualitative evaluation of the impedance spectra and the fit

analysis of the measured data.

The Ohmic resistance, Rq, at OCV for this sample is 2.52 Ohms, just above the range

expected considering the conductivity of this sample of > 4Scrrf1 in such a reducing
environment and is probably due to low surface contact area with the electrolyte.

Upon anodic polarisation, (Fig.4.32), the Ohmic resistance shows a reversible increase,

Rn = 2.57Q at -lOOOmV and 2.68Q at -900mV, reflecting the decrease in conductivity of
the material upon equilibration under more oxidising conditions. The shape of the

impedance spectra at anodic overpotentials is that of a simple electronic conductor,

confirming the lack of ionic conductivity in this material.
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Fig. 4.32 Complex plane plotfor La0 2Ban2Mn0 inNb(,H6703 electrode at 1000°C in 97%H2 / 3%H20 at
OCV and anodic overpotentials. Units are £2
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For electrodes that are purely electronic in character the Faradaic reaction is limited to the

triple phase boundary region where the reactant gas, electrode and electrolyte are in
contact with each other. The equivalent circuit used for fitting such a response is shown
in (Fig.4.33) and consists of the Ohmic resistance, Rq, and the double layer capacitance,

Cdi, in parallel with the electrochemical impedance of the cell, which comprises the

charge transfer resistance, Rct, and an R-CPE subcircuit representing an electrochemical

process with diffusion characteristics^141.

R,

R,Q

-m-

Rct

nMH
-I CPE

Cd,

Fig. 4.33 Equivalent circuit used tofit Lao^Ba,, jMn0 n3NbnH6703 anode data.

The presence of the R-CPE sub-circuit represents the diffusion of a charged species to or

from the triple phase boundary1151 and would not be present in the case of the charge
transfer resistance, Rct, dominating the impedance response'141. The Equivalent Circuits

program fit to the measured data at -lOOOmV is shown in (Fig.4.34).

Lao.2Bao.4Mn0,i33Nbo,86703

♦ 1000°C -1000mV

oFit

0 5 10 15 20 25 30 35

Z'

Fig. 4.34 Complex plane plotfor LagjBao. 4Mnoi .uNb0 S6703 electrode at 1000°C in 97%Fl2/ 3%H20
and OCV - -1060mV together with Equivalent Circuits program fit to the data. Units are F2
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The quality of the fit to the data for the anodic polarisation is taken as confirmation of the
model for a simple electronic conductor, even though the number of spectra is very

limited.

The charge transfer resistance, Rct, obtained from the fit is small, < 1Q, in comparison to

the polarisation resistance, Rp, indicating the electrode processes are diffusion dominated.
The linear dependence of the charge transfer resistance and ohmic resistance on anodic

polarisation, shown in (Fig.4.35), implies that the increase in charge transfer resistance is

directly proportional to the decrease in conductivity of the tungsten bronze sample.

Lao.2Bao.4M no.133Nbo,86703
ocv

E/mV

Fig. 4.35 Variation in Rct, Rq and Rp with anodic polarisation for Lao.2Bao 4Mno.133Nbo.s67O3 electrode
from Equivalent circuitfit to the AC impedance data

The increase of all the resistances associated with the impedance spectra with increasing
anodic polarisation clearly show the material loses its limited catalytic activity and is
unsuitable as an anode material in a fuel cell for the oxidation of hydrogen.
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In contrast the Manganese doped tungsten bronze improves with cathodic polarisation for
the electrolysis of water, shown in (Fig.4.36),

Lao.2Ba0.4Mn0.i33Nbo.86703 ♦ iooo°c -I060mv
o 1000°C -1100mV
o 1000°C -1200mV
♦ 1000°C -1300mV

0 5 10 15 20 25 30

Z'

Fig. 4.36 Complex plane plotfor Lao.2Bao.4Mno.133Nbo.867O3 electrode at 1000°C in 97%H2 / 3%H20 at
OCV and cathodic overpotentials. Units are Q

The shape of the impedance spectra changes revealing a second R-CPE sub-circuit, only

just discernable in the OCV plot, which is characteristic of the measurement setup. The
arc arises because the reference electrode and working electrode are in two different gas

atmospheres and has been termed gas conversion impedance'16', with a characteristic
relaxation time, t, of 1 second.

The magnitude of the impedance associated with the gas conversion sub-circuit is quite

small, -1-2 Q dependent on gas flow rate and gas composition, and only becomes

apparent when the total polarisation resistance is of a similar order of magnitude. When
the resistance of the R-CPE sub-circuit of the electrochemical process is larger than this
nominal cut-off value, as for the anodic polarisation impedance plots of the Manganese

doped tungsten bronze, the gas conversion R-CPE sub-circuit is absorbed making
determination of the real electrochemical impedance impossible without more defining
data. The charge transfer resistance, Rct, however can still be accurately determined for
the anodic polaristion plots as it is purely Ohmic in character.
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The R-CPE element for the gas conversion impedance was incorporated into the

equivalent circuit model for the simple electronic conductor to determine the impedance
associated with the diffusion element. The charge transfer resistance, Rct, obtained at the
most cathodic overpotential, (Fig.4.37), is still an order of magnitude lower than the
resistance for the electrochemical process indicating that the diffusion of the charged

species to the reaction site is still the dominating factor.

Lao.2Bao.4M no.133Nbo.86703
ocv

E/mV

Fig. 4.37 Variation in Rct, Rq and Rp with cathodic polarisation for La0.2Ba04MnQ i^Nbo.^O} electrode
from Equivalent circuitfit to the AC impedance data

(Fig.4.37) also shows that while the Ohmic resistance initially improves as the

environment becomes more reducing, at lower potentials, a limiting value of 2.31Q is
reached as the conductivity of the material increases and the Ohmic resistance is then due

mainly to the electrolyte response.The charge transfer resistance is no longer linearly

depedent upon the overpotential applied to the sample and therfore becomes independent
of the electronic conductivity of the material.
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The cyclic voltammogram performed at lmVs"1 under the same conditions, together with
the CV performed at 800°C, (Fig.4.38), demonstrates the polarisation dependence of the
electrochemical processes on the n-type electrical conductivity of the material. At anodic

overpotentials the current-potential curve shows a slight flattening of the response at

~150mV polarisation from OCV on the outward scan, usually associated with a diffusion
limitation of reactants to the anode surface, however the scan rate is very slow and at

1000°C the diffusion rates of the reactants would be expected to be fast. Moreover the
current recovers at increasing anodic overpotential rather than continuing to decrease as

the diffusion limitation becomes more extreme and reactants are depleted at the anode
interface. This indicates a loss in activity of the anode towards the electrochemical
oxidation of hydrogen.

WrK/

Fig. 4.38 Cyclic Voltammogram performed at ImVs'1 for Lao2Bao lMn0 i33Nbo,86703 electrode at
800°C and 1000°C in 97%H2/3%H20.
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The loss in conductivity of the material can clearly be seen by the degree of hysteresis
between the outward and return scans in the anodic branch due to the slow redox kinetics

of the material, analogous to the partial pressure measurements in Section 4.3, compared
to the material conductivity independent cathodic branch.

The assymmetry between the anodic and cathodic branches is therefore not due solely to

enhanced electrode kinetics for the electrolysis of water compared to its formation, but is
in part due to the loss of current collecting capability of the anode.
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The AC impedance response for the manganese-free tungsten bronze in the humidified
fuel gas atmosphere at open circuit potential, OCV = -1060mV, is shown in (Fig.4.39).

Sro.2Bao.4Tio.3Nbo.8O3

♦ 1000°C OCV
-1060mV
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Fig. 4.39 Complex plane plotfor Sr0 2Ba0 4Ti02Nb(IH02 electrode at 1000°C in 97%H2 / 3%H20 and
OCV = -1060mV. Units are Q

The response is more complex than that of the Manganese doped tungsten bronze, having
a low broad appearance, and cannot be described by the same simple equivalent circuit
model.

Analysis of the impedance spectra available failed to yield an equivalent circuit with
consistent CPE parameter values for both anodic and cathodic polarisations and the
discussion is therfore limited to Rp and Rq. This is due to the evolution of the gas phase
impedance at high cathodic overpotentials and the requirement for an extra element at

high anodic overpotentials in addition to the two R-CPE elements required to fit the data
at OCV.

The ohmic resistance at OCV, 2.31Q, is within the range expeceted for this setup

indicating good electrical contact betweent the anode particles and good contact with the

electrolyte.
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The ohmic resistance, Rq, and polarisation resistance, Rp, both increased with anodic

overpotential, (Fig.4.40). As with the Mn bronze the ohmic resistance scales linearly with

increasing anodic overpotential as the material loses conductivity upon oxidation.
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Fig. 4.40 Complex plane plotfor Sro.2Bao.4Tio.2Nbn.sO} electrode at 1000°C in 97%H2 / 3%H20 at OCV
and anodic overpotentials. Units are fJ

Although the Mn-free bronze has a higher electrical conductivity it shows a poorer

performance towards the electrochemical oxidation of hydrogen; the polarisation
resistance is three times that of the Mn bronze at the most anodizing potential of -800mV.
This could be in part due to the microstructure of the anode and the geometrical area of
the electrolyte covered by the anode. The lower series resistance at OCV, 2.31Q, is the
same as the limiting value obtained at the most cathodic overpotential for the Mn bronze,
when its conductivity is highest, which would suggest the geometric coverages are

approximately equal.

The need for at least one extra diffusion element to describe the anodic impedance

spectra at OCV also indicates a more complicated reaction process which may be related
to the adsorption and diffusion of hydrogen on the anode surface. Unfortunately neither

tungsten bronze material was selected for further investigation due to their sluggish
reaction kinetics compared to the mixed electronic-ionic conductors also included in the
Risoe study. It is therefore impossible to extract any concrete conclusions from the
limited number of impedance spectra available.
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The Mn-free bronze also showed good catalytic activity towards the electrolysis of water,

(Fig.4.41), similar to that shown by the Manganese doped bronze.
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Fig. 4.41 Complex plane plotfor Sro2Bao.4Tio.2Nbo.sO3 electrode at 1000°C in 97%H2/3%H20 at OCV
and cathodic overpotentials. Units are SO

The polarisation resistance decreased dramatically with increasing cathodic overpotential
and the evolution of the gas diffusion impedance element can be seen at the most

cathodic overpotential, -1300mV. The ohmic resistance also showed a slight linear
decrease upon cathodic polarisation from to 2.11Q at -1300mV, (Fig.4.42),

Sro.2Bao.4Tio.2Nbo.8O3
OCV

-1200

E/mV

-1050

Fig. 4.42 Variation in Rch Rn and Rp with cathodic polarisationfor Sro.2Bao.4Tio.2Nbo.sO3 electrodefrom
inconsistent Equivalent circuitfit to the AC impedance data
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(Fig.4.42) also shows the charge transfer resistance, Rct, from the attempted analysis of
the impedance plots. Rct shows a linear decrease with increasing cathodic overpotential,

becoming vanishingly small at -1300mV, which would indicate the electrolysis of water

is a favoured reaction, however as the fit to the data proved inconsistent with regards to

the double layer capacitance, which is in parallel with the ohmic Rct, the results are

subject to large errors.

The cyclic voltammogram performed at lmVs"1 in the fuel gas atmosphere at 1000°C,

together with the CV at 800°C, is shown in (Fig.4.43).

25

2D
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Fig. 4.43 Cyclic Voltammograms performed at lmVs'1 for Sro2Bao.4Tio.2Nbo.gO3 electrode at
800°C and 1000°C in 97%H2 / 3%H20.

The CV shows a slight hysteresis for the anodic branch at both 800°C and 1000°C and is

again most likely due to the drop in n-type conductivity upon oxidation of the sample.
The larger increase hysteresis at 800°C is therfore probably due to the slower redox
kinetics of the sample at this lower temperature.
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The shape of the CV for the anodic branch at 1000°C has a more pronounced flattening
of the response with increasing overpotential compared to that of the Mn bronze,

(Fig.4.44), and a higher electrochemical resistance.

V/mV

Fig. 4.44 Cyclic Voltammograms performed at lmVs'1 for Sro2Bao.4Tio2Nbo.sO3 (Mn-free) and
Lao.2Bao.4Mno.133Nbo.86703 (Mn-doped) electrodes at 1000°C in 97%H2/ 3%H20.

The Mn doped has a lower conductivity but greater electrochemical performance,

suggesting that the presence of Mn acts as a catalyst towards hydrogen oxidation. The
cathodic branches show very similar behaviours with the Mn-free bronze having a

slightly better electrolysis capability, probably due to the increased conductivity of this

sample.
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The other materials in the 'Quick and Dirty' test include the highly electronicly

conducting rutile phase, Nbo.67Tio.3302±s with an electronic conductivity > 200 Scm"1 in

reducing conditions, the predominantly p-type pyrochlore, Gd2Tio.6Moi.2Sco.207±8 with
similar conductivity to the Mn-free bronze, >20 Scm"1, and the two mixed ionic-
electronic fluorite conductors, Ceo.6Gdo.40i.g(CG4) and Yo.2Tio.i8Zro.620i.9 (YZT).

Comparison of the CVs at 1 mVs"1 of two tungsten bronzes with the other materials tested
at Risoe is shown in (Fig.4.45).
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Fig. 4.45 Cyclic Voltammograms carried out at lmVs' for various materials in the Quick and Dirty test
at Risoe National Laboratory in Denmark

The cyclic voltammetry shows, unsurprisingly, that the mixed conductors have by far the
best electrochemical performances on both cathodic and anodic branches even though
their electronic conductivity is an order of magnitude lower than the worst electronic
conductor tested. The CG4 material has an optimized microstructure and consequently

gives a much better performance than the YZT mixed conductor, but both have very

symmetrical, almost linear, anodic and cathodic branches of relatively high current

density; a benefit of the reaction zone not being restricted to the triple phase boundary.
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The pyrochlore phase Gd2Tio.6Moi.2Sco.207±5 also has a high current density on oxidation
of hydrogen, reminiscent of the cathodic branches of all the electronic conductors:

Nb0.67Tio.3302±5 , Sro.2Bao.4Tio.2Nbo.8O3, and Lao.2Bao.4Mno.i33Nbo.86703.

The electronic conductors all suffer from a decrease in conductivity upon anodic

polarisation and consequently have a poor performance at anodic overpotentials, but the
Mn bronze with the lowest electrical conductivity has the best performance of these three.
The pyrochlore on the other hand has p-type conductivity and shows an increase in

conductivity on anodic polarisation. The degree of hysteresis between outward and
reverse scans, marked on (Fig.4.45), indicates that the redox kinetics of this material are

quite low.

The pyrochlore phase is unstable under very reducing conditions and there is therefore no

cathodic branch to the CV for this material. The cathodic braches for the electronic

conductors show electrochemical performances towards the electrolysis of water ranked
in accordance with their conductivity; Nbo.67Tio.3302±8 shows the highest current density
at the most cathodic overpotential, then Sro.2Bao.4Tio.2Nbo.8O3 and finally

Lao.2Bao.4Mno.i33Nbo.86703. The difference in performance is however very small.

Visual inspection of the anodes after the test indicated showed that the tungsten bronze

phases had delaminated as had the CG4 electrode, probably due to thermal expansion
mismatch between the anode and the electrolyte.

The microstructure of the particles in the anode materials after the test, shown in

(Fig.4.46), revealed that there had been no sintering of the anodes during the test and that
the anodes retained the particle size distribution of the formative slurries. The
microstructures of the electronic conductors can also be seen to be very similar.
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Fig. 4.46 Micrographsfor different samples measured according to the quick-test method:

a) YZT, b) Gd2Tio.6M012Sco.2O7, c) Tio.33Nbo.67O2, d) TB: Sro.2Bao.4Tio.2Nbo.sO3

The delamination of the Sro.2Bao.4Tio.2Nbo.8O3 anode can clearly be seen in (Fig.4.46 (d)),
while the coarseness of the YZT mixed conductor, due to the high mechanical strength of
YZT and equivalent milling times, shows the microstructure can be optimised to improve
the electrochemical performance of this material.
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4.4 Conclusions

The tetragonal tungsten bronze solid solution range of Sro.6-xBaxTio.2Nbo.8O3 was

synthesised and tested by AC impedance spectroscopy as well as 4-terminal DC oxygen

partial pressure measurements, revealing that the composition Sro.3Bao.3Tio.2Nbo.8O3 had
the highest conductivity in air but the phase Sro.2Bao.4Tio.2Nbo.8O3 showed the highest
electronic conductivity under the reducing conditions of a fuel cell environment.

The results of the oxygen partial pressure measurements give all the samples an n-type

electronic conductivity of - U dependency except the Sro.3Bao.3Tio.2Nbo.8O3 sample which
shows a dependency of-V5 which is therefore taken to be an erroneous result attributed to

the high density of these samples. The -V4 dependency of the logarithm of the

conductivity on the logarithm of the partial pressure of oxygen indicates that the oxygen

vacancies created are in excess of the electronic charge carriers created by the reduction

process.

The Mn doped tetragonal tungsten bronze phase originally synthesised by Dr.P.Slater,

Lao.2Bao.4Mno 133Nbo.86703, was re-synthesised and measured by AC impedance

spectroscopy to show that the material does not possess ionic conductivity in air, as

previously surmised, and has a higher conductivity than initially reported. Partial pressure

measurements also revealed this phase to have a higher n-type electronic conductivity
under reducing conditions with a -V4 logarithmic dependency on the partial pressure of

oxygen below 10"10 atm of oxygen, supported by the synthesis and characterisation of Ba
rich phases.

3+ 2~P • •The substitution of La by Ba in the parent phase increases the electronic conductivity
when fully reduced but decreases the conductivity in air. The onset of n-type electronic

conductivity as a function of p(0)2, also of slope -V4, in these Ba rich phases is therefore
shifted to higher partial pressures of oxygen with increasing Ba content while the phase
limit is reached at Lao.ioBao.5oMno.i33Nbo.86703.
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Electrochemical testing of Sro.2Bao.4Tio.2Nbo.8O3 and Lao.2Bao.4Mno.i33Nbo.86703 showed
the unsuitability of these materials as SOFC anodes, although the presence of Mn may act

as a catalyst towards the electrochemical oxidation of hydrogen.

The lack of ionic conduction in these materials limits the reaction site in the anode to the

triple phase boundary where fuel-gas, anode and electrolyte meet, vastly reducing the
current density attainable in comparison to the mixed ionic-electronic compounds also
tested at the Risoe National Laboratory.

In order to introduce ionic conduction in the tetragonal tungsten bronzes the oxygen

stoichiometry would need to be reduced, either by further substitution on the B-site by a

lower valence ion for Nb or by introducing A-site deficiencies compared to the A0.6BO3

compounds prepared in this study.

The limited substitution of La3+ by Ba2+ attained in the Mn doped samples, as an attempt

to introduce oxygen vacancies into the as made samples, indicate that the bronze structure

is resistant to non-stoichiometry on the oxygen sub-lattice in the Nb based materials, so

careful selection of B-site dopant would be required.
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